BacterioLoGIcAL REviEws, Dec. 1972, p. 407-477 ) Vol. .36, No. 4
Copyright © 1972 American Society for Microbiology Printed in US.A.

Peptidoglycan Types of Bacterial Cell Walls and
their Taxonomic Implications

KARL HEINZ SCHLEIFER anp OTTO KANDLER

Botanisches Institut der Universitit Miinchen, BRD 8 Miinchen 19, Menzinger Str. 67, Germany and Deutsche
Sammlung fiir Mikroorganismen, Arbeitsgruppe Miinchen, in der Gesellschaft fiir Strahlen- und
Umuweltforschung m.b.H. Miinchen, Germany

INTRODUCTION . ..., 407
DIFFERENT PRIMARY STRUCTURES OF THE PEPTIDOGLYCAN ... 408
General Structures ......... Co.o..... 408
Glycanstrands .. ...............ooiiiiiiii . 408
Peptide moiety . e 409
DetermmatlonoftheAmmoAcldSequence . 409
Enzymatic procedure ................ ... ... 409
Chemical method . ... ... ... . 410
Rapidscreeningmethod .. ............. ... ... ... .. .. ... .. ............. 414
Variation of the PeptideMoiety .. ............................................ 414
Variation of the peptide subunit . e Al4
Variation of the mode ot'cross-lmkage .. 416
Summary of the New Classification System of Peptldoglycans ................ 423
Stability of Peptidoglycan Structure Under Different Conditions of Growth. . .. .. 424
Summary .. 425
PROPOSAL FOR A CONCISE SYSTEM FOR CHARACTERIZATION AND
REPRESENTATION OF PEPTIDOGLYCAN TYPES . e . 426
Peptidoglycan Group A .. .. 426
Subgroup Al .......... ... 426
SubgroupA2 426
Subgroup A3 . . 426
Subgroup A4 . . 426
Peptidoglycan Group B 426
CORRELATION BETWEEN PEPTIDOGLYCAN 'I'YPES AND TAXONOMIC
GROUPING OF BACTERIA . .. . 427
Gram-Negative.Bacteria . 42T
Gram-Positive Bacteria 428
Family Micrococcaceae ......................ccooiiiiiiiiiiai ... 428
Family Lactobacillaceae ................................................. 435
Family Bacillaceae ......... ... ... ... ... ... .. ... ... 444
Family Corynebacteriaceae ............................................... 446
Family Propionibacteriaceae .. ............................................ 453
Order Actinomycetales .......... ... ......... 453
Actinomycetales of uncertain taxonomlc posmon ... ..........456
Order Caryophanales .. ................................................... 457
Order Spirochaetales .. ................................................... 457
Order Myxobacteriales..................................oii...... 458
FINAL REMARKS . i . ........ 458
Taxonomic Imphcatlons of Other Cell Wall Polymers . ..., 458
Lipopolysaccharides ........................c.. i ... 458
Polysaccharides .. ...ttt 459
Teichoic 8CIAS .. .. .. ..o ... 459
Teichuronic acids .. .. .. .......oououne .. 459
Lipids ....... ... 459
Taxonomic Relevance and Evolutlonary Trends of Peptndoglycan Structure 460
LITERATURE CITED . .. 462
INTRODUCTION utes to the shape of the bacterium but is also

responsible for the different stainability of a
The cell wall is the basis for several classical  cell, for most of the serological behavior, and for
taxonomic characteristics. It not only contrib-  phage adsorption.
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One of the basic markers for the differentia-
tion of bacteria is the so-called Gram reaction.
The gram-positive bacteria are distinguished by
their ability to hold back the dye-iodine com-
plex, whereas the gram-negative organisms are
decolorized after treatment with alcohol. The
mechanism of the Gram reaction has not yet
been unraveled, but Salton (326) favors an
involvement of the cell wall and has suggested a
permeability difference between the cell walls
of gram-positive and gram-negative bacteria as
the basis for the Gram reaction. This is in
agreement with the findings that the positive or
negative response to this reaction is reflected in
the different ultrastructure of the cell wall. The
cell wall of a gram-positive bacterium shows in
profile one thick and more or less homogenous
layer, whereas the profile of the cell wall of a
gram-negative bacterium is remarkably com-
plex and consists of several layers. A number of
excellent monographs and reviews have re-
cently appeared (see references 57, 89, 118, and
269 for more detailed information).

The polymers making up the cell walls are
chemically quite different in these two groups
of bacteria. The gram negatives contain as
major components lipopolysaccharide, lipo-
protein, and relatively little peptidoglycan (less
than 10% of the total cell wall) in their cell
walls, whereas the walls of gram positives are
mainly composed of peptidoglycan (usually
30-70% of the total cell wall), polysaccharides
or teichoic acid (or both), or teichuronic acid.

The peptidoglycan is the only cell wall po-
lymer common to both gram-negative and
gram-positive bacteria. It has also been found
among blue-green algae (96, 102, 142). Thus
peptidoglycan is a cell wall component of all
procaryotic organisms. There are only a few
halophilic bacteria, such as Halobacterium ha-
lobium (326, 363) and Micrococcus morrhuae
(177), which lack peptidoglycan. The composi-
tion and structure of the peptidoglycan seem to
be rather constant among gram negatives, but
there is great variation among gram positives.
Numerous reviews have recently appeared on
the structure and biosynthesis of the peptido-
glycan (109, 117, 237, 279, 284, 333, 354, 381,
386, 403, 426). Since that time our knowledge
about the diversity of the chemical structure
of the peptidoglycan has increased. More-
over, a high percentage of all known genera
and of many different species of bacteria has
been examined, and it now seems worthwhile
to focus on the correlation of peptidoglycan
structure and taxonomy. Therefore, in the
first part of this review a classification of the
known peptidoglycan types based on their
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mode of cross-linkage will be suggested. In the
second part, the distribution of the various
peptidoglycan types within the bacterial king-
dom will be shown and their taxonomic signifi-
cance will be evaluated.

The following are abbreviations and uncom-
mon amino acids and amino sugars used
throughout the paper. Abbreviations: ATCC,
American Type Culture Collection, Rockville,
Md., U.S.A.; CEM, Czechoslovak Collection of
Microorganisms, J. E. Purkyne University,
Brno, Czechoslovakia; Kiel, Streptokokkenzen-
trale im Institut fiir Milchhygiene der Bun-
desanstalt fiir Milchwirtschaft, Kiel, BRD;
NCDO, National Collection of Dairy Orga-
nisms, Reading, England; NCIB, National Col-
lection of Industrial Bacteria, Aberdeen, Scot-
land; NCPP, National Collection of Plant Path-
ogenic  Bacteria, Harpenden, England;
NCTC, National Collection of Type Cultures,
London, England. Amino acids and amino
sugars: GIctNH , or G, glucosamine; Dab, diami-
nobutyric acid; m-Dpm, meso-diaminopimelic
acid; Hsr, homoserine; HyDpm, hydroxy-
diaminopimelic acid; Hyg, threo-3-hydroxy-
glutamic acid; HyLys, hydroxylysine; Mur or
M, muramic acid; Orn, ornithine.

DIFFERENT PRIMARY
STRUCTURES OF THE
PEPTIDOGLYCAN

General Structures

The rigidity of the bacterial cell wall is due to
a huge macromolecule (403) containing acyl-
ated amino sugars and three to six different
amino acids. This polymer has been called by a
variety of names: “basal structure” (425), “mu-
copeptide” (232), “glycopeptide” (365), “‘glyco-
saminopeptide’’ (326), ‘‘murein” (403), and
“peptidoglycan” (369). We have usually pre-
fered to use the name ‘“‘murein,” which was
introduced by Weidel and Pelzer (403) in anal-
ogy to “protein.” But there is now a general
agreement that “‘peptidoglycan’ is the better
term, since it describes the chemical nature of
this polymer most exactly. Peptidoglycan is a
heteropolymer built out of glycan strands cross-
linked through short peptides. The general
features of the two peptidoglycan constituents,
the glycan and the peptide moiety, will be
separately discussed first.

Glycan strands. The glycan moiety of the
peptidoglycan is remarkably uniform. It is
usually made up of alternating 8-1,4-linked
N-acetylglucosamine and N-acetyl muramic
acid residues (109, 111). The latter amino sugar,
found only in bacteria and blue-green algae, was
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first discovered by Strange and Dark (364).
Further studies have shown that it is the
3-0-p-lactic acid ether of glucosamine (365,
384) (Fig. 1). The glycan reveals only few
variations, such as acetylation or phosphoryla-
tion of the muramyl 6-hydroxyl groups (9, 109,
224) and the occasional absence of a peptide or
N-acetyl substituent (10, 109). Recent studies
on the peptidoglycan of bacterial spores have
indicated that muramic acid residues can be
present in the muramic lactam form, a sugar
not previously found in nature and, hence, a
unique spore constituent (401). Among myco-
bacteria (3, 25), Nocardia kirovani (130) and
Micromonospora (398), muramic acid does not
occur as N-acetyl, but as the N-glycolyl deriva-
tive. Here the amino group in position 2 is not
substituted by an acetyl group (—COCH,) but
by a glycolyl group (—COCH,0H). Studies on
a wide variety of gram-positive and gram-nega-
tive bacteria indicated that only glucomuramic
acid occurs in the wall: galactomuramic acid
has not been found so far (413, 414).

The chain length of the glycans has been
discussed in detail by Ghuysen (109). The
glycans are polydisperse and thus only average
tigures can be given. In different organisms the
average chain length varies between 10 and 65
disaccharide units (109, 148). Although there is
a relationship between the cell shape and aver-
age chain length of the glycan in some special
cases (210), there is no evidence for a general
correlation (204, 402).

Peptide moiety. The peptide moiety is
bound through its N terminus to the carboxyl
group of muramic acid and contains alternating
L and p amino acids. The occurrence of amino
acids with the b configuration is a typical
feature of the peptidoglycan. A fragment of the
primary structure of a peptidoglycan is shown
in Fig. 1. Usually r-alanine is bound to mu-
ramic acid, followed by p-glutamic acid, which
is linked by its +vy-carboxyl group to an L-
diamino acid, and finally p-alanine is attached
to the diamino acid. In some cases the a-car-
boxyl group of glutamic acid is substituted and
an additional p-alanine is found at the C
terminus. This part of the peptide moiety is
called the peptide subunit (109). The amino
group of the L-diamino acid, not bound in the
peptide subunit, forms a peptide linkage to the
C terminal p-alanine of an adjacent peptide
subunit or is substituted through an interpep-
tide bridge. Thus, the peptide moiety of the
peptidoglycan can only consist of the peptide
subunit or of the peptide subunit and an
interpeptide bridge. The interpeptide bridges
cross-link the peptide subunits and extend
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Fic. 1. Fragment of the primary structure of a
typical peptidoglycan. (For the sake of simplicity we
do not use the conventional representation as in
original publications; we think that the simple
scheme which we employ in this paper is more easily
comprehensible for the less chemically oriented
reader.) Abbreviations: L-DA, L-diamino acid; I, in-
terpeptide bridge; Ac, acetyl or in a very few cases
glycolyl; w, w-amino group of L-diamino acid; sub-
stituents in parentheses may be absent.

usually from the w-amino group of the diamino
acid of one peptide subunit to the bp-Ala
carboxyl group of another peptide subunit. In a
minority of cases it extends from the a-car-
boxyl group of p-glutamic acid to the carboxyl
group of D-alanine of another peptide subunit.
The interpeptide bridges show great variation
in their chemical composition and will be dis-
cussed later.

Determination of the Amino Acid
Sequence

The amino acid sequence (primary structure)
of the peptidoglycan can be determined either
by the use of enzymes or by chemical methods.

Enzymatic procedure. The first known
amino acid sequence of a peptidoglycan was
established by the pioneering work of Weidel
and his school (403). They used autolytic en-
zymes and lysozyme to hydrolyze the peptido-
glycan of Escherichia coli, isolated the frag-
ments, and determined their structure chemi-
cally. Independently of Weidel’s group, Ghuy-
sen and co-workers used muralytic enzymes to
elucidate the primary structure of the peptido-
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glycan of gram-positive bacteria. The methods
applied are described in detail in recent reviews
(109, 117, 367).

Chemical method. When it was known that
the glycan moiety varies very little and that the
peptide moiety is built from a very limited
number of amino acids, it was possible to use a
combination of purely chemical methods to
elucidate the primary structure of the peptide
moiety of the many different types of peptido-
glycan. This ‘‘chemical method” was intro-
duced by Schleifer and Kandler (336) and has
been used extensively by their group since
then. Table 1 summarizes the main steps for
the determination of the amino acid sequence.
Quantitative amino acid determination was
performed with an amino acid analyzer. The
configuration of the amino acids was deter-
mined either enzymatically (216, 271, 336) or by
measuring the optical rotatory dispersion of the
2,4-dinitrophenyl (DNP) derivatives (50, 176).
The C- and N-terminal amino acids of the
peptidoglycan and of peptides were determined
by hydrazinolysis (47, 176) and by dinitrophen-
ylation (114, 310).

The determination of the N-terminal amino
acid of the undegraded peptidoglycan is a good
indication of the N-terminus of the interpep-
tide bridge. The cross-linkage of the peptide
subunits is usually incomplete. Therefore, a
certain percentage of the interpeptide bridges
carry a free N-terminal amino group, and, by
means of dinitrophenylation of the undegraded
cell walls, the N-terminal amino acid of the in-
terpeptide bridge can be established. The
dinitrophenylated amino acids were identified
by paper chromatography (271, 336) or by thin-
layer chromatography on silica gel (39).

The most important step of this chemical
method is the isolation and identification of
oligopeptides after partial acid hydrolysis of
the cell walls. Different kinds of cell wall prep-
arations were used. All of the cell wall prepara-

TaBLE 1. Procedures for the determination of the
amino acid sequence of peptidoglycans

(i) Quantitative determination of the amino acids
and amino sugars of a pure cell wall preparation.
Determination of the configuration of the amino
acids.

(ii) Determination of N- and C-terminal amino acids
in intact cell walls.

(iii) Isolation and identification of oligopeptides from
partial acid hydrolysates of cell walls.

(iv) Isolation and identification of peptidoglycan
precursors.

(v) Isolation and identification of muropeptides
from a lysozyme lysate of cell walls.
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tions were first purified by digestion with
trypsin. In some cases further removal of non-
peptidoglycan material was achieved by ex-
traction with cold or hot trichloroacetic acid
(20, 21, 110) and with hot formamide (287).
These cell wall preparations were treated with
4 N HCI at 100 C for different times. Usually
a very short (10 to 20 min) and a somewhat
longer (45 to 60 min) hydrolysis were chosen
since the stabilities of the various peptides
are quite different. Figure 2 shows the kinetics
of the release of some peptides during the
hydrolysis of the cell walls of Sarcina lutea
ATCC 383.

Two-dimensional descending paper chroma-
tography was used for the separation of amino
acids and peptides. The most suitable combina-
tion of solvent systems was isopropanol-acetic
acid-water (75:10:15 v/v/v) in machine direc-
tion and a-picoline-25% NH,OH-water
(70:2:28 v/v/v) in the other direction. Schleich-
er-Schiill 2043b Mgl paper was used.

The R .. values of various amino acids,
amino sugars, and peptides are given in Table 2
and Table 3, respectively. The R ., values can
vary slightly depending on the conditions used
for chromatography (minor variation of solvent
composition, temperature, etc.). Moreover, the
R .1a values obtained for peptides separated by
one-dimensional chromatography are some-
times slightly different from that of two-dimen-
sional chromatograms. The quantity of hydroly-
sate applied on the chromatograms is also
important for the separation of the peptides
and amino acids. The equivalent of 2 to 5 mg of
cell walls was usually applied. It is advisable to
standardize the system under definite chroma-
tography conditions by using authentic amino
acids, amino sugars, and peptides.

Some of the peptides form characteristic
colors after spraying with ninhydrin and heat-
ing at 100 C. Peptides with N-terminal glycine
residues appear yellow at the beginning and
within 5 to 15 min turn to purple; the same is
true for peptides with N-terminal threonine or
serine residues. The latter are yellow or orange
during the first 1 to 3 min after heating.

It is also possible to separate the peptides on
the amino acid analyzer. Authentic peptides or
isolated peptides from a partial acid hydroly-
sate of cell walls were applied to the amino acid
analyzer to determine the exact position of the
peptides. Figure 3 shows the separation of a
partial hydrolysate of cell walls (4 N HCl, 100
C, 2 hr) of Sarcina lutea ATCC 383. The
peptidoglycan of this strain contains a typical
peptide subunit with L-Lys as diamino acid
and the peptide subunits are cross-linked by
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Fic. 2. Quantitative release of various amino acids and peptides from cell walls of Sarcina lutea ATCC 383
during hydrolysis with 4 N HCl at 100 C as a function of time.

TasLE 2. R,,, values of various amino acids and
amino sugars after two-dimensional descending

separation®
Ria values
Amino acid or amino sugar Isopro- | a-Pico-

panol line
Alanine ...................... 1.0 1.0
Asparticacid ................. 0.55 0.28
Diaminobutyric acid .......... 0.28 0.58
Diaminopimelic acid .......... 0.11 0.14
Galactosamine ............... 0.57 1.68
Glucosamine ................. 0.60 1.80
Glutamicacid ................ 0.81 0.29
Glycine ...................... 0.60 0.66
Homoserine .................. 0.83 1.01
Threo-3-hydroxyglutamic acid . .| 0.43 0.27
Lysine ....................... 0.30 0.42
Mannosamine ................ 0.71 1.80
Muramic acid ................ 1.01 1.70
Ornithine .................... 0.27 0.41
Serine ....................... 0.59 0.81
Threonine ................... 0.84 1.02

4 Two-dimensional descending separation in sol-
vent systems isopropanol (machine direction) and
a-picoline on Schleicher-Schiill 2046b Mgl paper.
Running time: each direction 2 x 24 hr. Temperature
of chromatography chamber: 27 to 28 C.

tri-L-alanyl peptides. The dipeptides L-Ala-p-
Glu, y-p-Glu-i-Lys, and L-Lys-p-Ala are de-
rived from the peptide subunit, whereas
Né-r-Ala-L-Lys, L-Ala-L-Ala, and bp-Ala-L-

Ala are typical for the interpeptide bridge and
its connection to the peptide subunit.

Typical pictures of two-dimensional paper
chromatograms of partial acid hydrolysates of
cell walls are given in Fig. 4. The cell walls of
these two organisms have almost identical
amino acid composition, but the “finger prints”
are quite different. This indicates that the
amino acid sequences of the two peptidoglycans
are unlike. The detailed analysis showed that
the peptidoglycan of Micrococcus luteus be-
longs to subgroup A2 (see below), whereas that
of Bifidobacterium breve belongs to subgroup
A3 (vide infra).

If some peptides were not sufficiently well
resolved in the two standard solvent systems
(isopropanol and a-picoline), we used other
systems, especially n-butanol-acetic acid-pyri-
dine-water (420:21:280:210, v/v/v/v) and n-
butanol-propionic acid-water (750:352:498
v/v/v) (344). For the separation of diaminopi-
melic acid (Dpm)-containing peptides, we ap-
plied the modified solvent system of Rhuland et
al. (315), methanol-pyridine: formic acid : water
(80:10:1:19 v/v/v/v), or high-voltage electro-
phoresis on Whatman no. 3MM paper (39).

The peptides were isolated by repeated one-
dimensional paper chromatography (336) or by
developing a two-dimensional chromatogram
with ninhydrin and cutting out the correspond-
ing areas from other unsprayed parallel two-
dimensional chromatograms. In the case of
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TaBLE 3. Ry, values of various peptides from partial acid hydrolysates of cell walls after two-dimensional
descending separation®

R.a values R .. values
Peptide Isopro- | a-Pico- Color® Peptide Isopro-| a-Pico- Color?
panol line panol line
p-Ala-t-Ala .. ........ | 1.17 1.20 L-Lys-p-Ala-1-Glu .. ... 1 0.37 | 0.27
p-Ala-p-Ala or
L-Ala-L-Ala .. ..., [ 1.26 | 1.25 Mur-t-Ala .. ......... [1.20 | 1.60
L-Ala-L-Ala-1-Ala .. ... | 1.30 1.32 Mur-Gly ............ 10.98 | 1.39
p-Ala-Gly ............ 10.93 | 0.91 Mur-L-Ala-p-Glu .. ... | 1.08 | 0.81
p-Ala-Gly-Gly ........ | 0.78 | 0.83 Mur-GleNH, ......... 0.30 | 1.36
-Ala-Thr .. .......... | 1.05 1.27
1-Ala-p-Glu or N2Gly-t-Lys .. .......  0.27 | 0.53 |Brownish
p-Ala-L-Glu .. .. .... [ 0.95 | 0.23 Nzp-Ala-p-Lys .. .. ... 0.39 | 0.60
p-Ala-D-Asp . 0.95 | 0.23 NeGly-t-Lys ........ 10.22 | 0.62 |Brownish
p-Ala-p-Glu .......... | 1.05 | 0.29 Né-L-Ser-t-Lys .. ..... 10.24 | 0.77 'Brownish
L-Ala-v-p-Glu-L- Lys 0.19 | 0.32 Neé-rL-Ala-L-Lys ....... [ 0.40 | 0.87
p-Ala-y-.-Glu-Gly .. .. | 0.67 | 0.31 NeThr-t-Lys ........ 0.32| 0.91
p-Ala-y-L-Glu-L-Ala ... | 0.92 | 0.41 Ne&Gly-L-Lys-p-Ala ...  0.33 | 0.76 |Yellow
p-Ala-L-Ala-p-Glu .. ... 1.05 | 0.54 Né-L-Ser-1-Lys-p-Ala. | 0.33 | 0.85
p-Ala-Dpm .. ......... ] 0.28 | 0.34 Né.r-Ala-L-Lys-p-Ala . | 0.47 | 0.95
Néa-p-Glu-p-Lys ..... [0.36 | 0.27
D-Asp-L-Ala .......... | 0.55 | 0.33 |Steel blue || N&y-p-Glu-t-Lys ..... 10.30 | 0.26
Dpm-p-Ala ...........| 0.31 | 0.40 €- (Aminosuccinyl—i
¥-b-Glu-L-Lys ........ [ 0.20 | 0.23 lysine . 0.32 | 0.77
Y-.-Glu-Gly ......... [ 0.56 ; 0.27 Ne. (L—Ala L- Ala) L- Lys 0.46 | 1.0
y-1-Glu-t-Ala ........ | 0.92 | 0.40 N¢(p-Ala-p-Asp)-L-Lys | 0.39 | 0.97
a-p-Glu-Gly .......... 1 0.77 | 0.20 Neé-(L-Ala-Thr)-L-Lys .. | 0.40 | 1.02
p-Glu-Dpm-p-Ala .. ... | 0.15 | 0.08 Né.(p-Asp-i-Ala)-L.-Lys | 0.17 | 0.60
Gly-Gly ..............] 0.61 | 0.59 |Yellow Nzp-Ala-p-Orn ....... | 0.37 | 0.58
Gly-Gly-Gly .......... | 0.51 | 0.62 |Yellow N*Gly-.-Orn .. ...... | 0.20 ! 0.58 |Brownish
Gly-Gly-Gly-Gly ...... ] 0.39 | 0.64 |Yellow N®L-Ser-.-Orn .. .. ... | 0.22 | 0.75 |Brownish
Gly--Ser ............ | 0.50 | 0.74 |Yellow N*-Gly, N%-p-Ala- D-Om 0.29 | 0.72 | Yellow
Gly--Ala ............ | 0.90 | 0.85 |Yellow N¢-pL-Ala-L.-Orn .. .....  0.40 | 0.87
Gly-p-Glu ............[ 0.72 | 0.17 |Yellow L-Orn-p-Ala .......... | 0.37| 0.58
Gly-Gly-r-Ala .. ...... | 0.71 | 0.83 |Yellow
Gly-a-Hyg-Gly ....... 0.35 | 0.15 |Yellow L-Ser-t-Ala .......... 1 0.93] 1.01 |Yellow
Gly-y-Hyg-Hsr .. .. ... | 0.36 | 0.20 |Yellow L-Ser-p-Glu .. ........ [ 0.70| 0.23 |Yellow
Gly-L,L-Dpm-p-Ala ... | 0.21 | 0.14 |Brownish L-Ser-Gly ........... 0.66 | 0.80 | Yellow
L-Ser-i-Ser .......... | 0.55 | 0.90 | Yellow
L-Lys-p-Ala . ... 1039 | 0.60
L-Lys-p-Ala- D—Ala AAAAA 0.52 | 0.87 Thr--Ala ............ | 1.16 | 1.36 | Yellow

2 Two-dimensional descending separation in solvent systems isopropanol (machine direction) and a-picoline
on Schlescher-Schiill 2043b Mgl paper. Running time: each direction 2 x 24 hr. Temperature of chroma-

tography chamber: 27 to 28 C.

® Most spots give the usual violet color with ninhydrin; only the unusual colors are specified.

Dpm-peptides preparative electrophoresis was
applied (39). The isolated dipeptides were iden-
tified by determining the quantitative amino
acid composition and the configuration of the
amino acids and the N-terminal amino acid
(336). The tri- and higher oligo-peptides were
again subjected to partial acid hydrolysis, and
the resulting smaller peptides were identified.
The involvement of the 3-carboxyl group of Asp
or the +y-carboxyl group of Glu in a peptide
bond was demonstrated by photolysis of the
corresponding DNP-peptides (271, 288).

In many cases these four steps (quantitative
amino acid composition, configuration of the
amino acids, N- and C-terminal amino acids,
and isolation and identification of oligopeptides
after partial acid hydrolysis of cell walls) were
sufficient to establish the amino acid sequence
of the peptidoglycan.

Only in the case of very complicated struc-
tures were additional data necessary to decide
which component belongs to the peptide sub-
unit and which to the interpeptide bridge. To
obtain this additional information, nucleotide
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GlcNH,; 7, L-Ala-D-Glu; 8, v-D-Glu-L-Lys; 9, L-Lys-D-Ala; 10, N®-Gly-L-Lys; 11, N°-Gly-L-Lys-D-
Ala; 12, pD-Ala-Gly; 13, D-Ala-L-Ala; 14, D-Glu-Gly; 15, N*-D-Ala- L-Lys; 16, N*-D-Ala- L-Lys-D-Ala; 17, Lys-
D-Ala-L-Ala; 18, Mur-GlcNH, .

precursors of the peptidoglycan, accumulating
when growing bacteria were poisoned by van-
comycin (336) or p-cycloserine (250, 341), were
extracted. In some cases the precursors were

isolated from noninhibited bacteria in the sta-
tionary-growth phase (81). The nucleotide pre-
cursors were extracted with cold trichloroacetic
acid from the cells, and the neutralized extract
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was subjected either to column chromatography
on Dowex-1 (300) or to column chromatography
on Sephadex G-25 (81, 323). Fractions absorb-
ing at 260 nm and containing bound N-
acetylamino sugar (313) were pooled and chro-
matographed one-dimensionally on Whatman
no. 3MM in isobutyric acid-0.5 M ammonia
(5:3 v/v) and afterwards in 1 M ammonium
acetate-ethanol (5:2 v/v). The ultraviolet (UV)-
absorbing and ninhydrin-positive bands were
eluted, and the amino acid sequence was eluci-
dated by applying the previously discussed
methods. We also isolated muropeptides from
lysozyme lysates of cell walls (403) and deter-
mined their amino acid sequence (346).

Rapid screening method. To use the pep-
tidoglycan type as a criterion in the classifica-
tion of gram-positive bacteria, it would be
valuable to have a simple and rapid procedure.
Especially the preparation of the cell walls is
very time-consuming. Several extraction proce-
dures were tried to prepare a relatively pure cell
wall preparation from whole cells without disin-
tegrating the cells by mechanical means.

Some authors have suggested NaOH for ex-
tracting whole cells (45, 172). This method may
be useful with certain organisms but had the
disadvantage that it hydrolyzes some peptide
linkage and can lead to a complete dissolution

of the cells (17, 18).

* In our hands a modification of the original
method of Park and Hancock (280) was most
successful and will be discussed in some detail.
All strains were grown in 30- to 50-ml amounts
and harvested after an overnight incubation.
The sediment was resuspended in 10% tri-
chloroacetic acid. The suspension should have
at 1:10 dilution an optical density of about 1.0
measured at 650 nm. The suspension was
placed in a boiling-water bath for 20 min and
was then centrifuged. The sedimented mate-
rial was carefully rinsed with distilled water
and resuspended in trypsin-phosphate buffer
(2 mg trypsin/10 ml of 0.1 M phosphate buffer,
pH 7.9). This suspension was incubated at 37
C on a shaker for about 2 hr and was centri-
fuged, and the pellet washed two times with
distilled water. A sample of the cell wall prep-
aration was hydrolyzed with 6 N HCI at 105 C
for 6 hr to determine the quantitative amino
acid content, and another sample was hydro-
lyzed with 4 N HCI in a boiling-water bath for
45 to 60 min. This partial acid hydrolysate
was spotted on a two-dimensional paper chro-
matogram (Schleicher and Schiill 2043b, 29 by
30 cm) and was separated by descending chro-
matography in the solvent systems, isopro-
panol and a-picoline, in each direction over-
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night (about 14 hr). In some cases it was
necessary to run each direction twice. The
“finger prints”’ were compared with those of
known peptidoglycan types and this compari-
son, together with the molar ratios of the amino
acids, made it possible to recognize the pep-
tidoglycan type.

The trichloroacetic acid-extracted, trypsin-
treated cells yielded relatively clean cell wall
preparations. In Table 4 the quantitative amino
acid compositions of these preparations are
compared with those of conventionally isolated
and purified cell walls.

The cell wall preparations obtained by the
short procedure contained minor contaminat-
ing amino acids. But the contamination was
usually so low that it did not interfere with the
determination of the peptidoglycan type. In
particular the ‘‘finger prints” were not changed
by these contaminating amino acids. In most
cases it was sufficient to make only the finger
prints to establish the peptidoglycan type.

This short procedure is very reliable and has
been useful for the screening of a great number
of organisms, whereby known peptidoglycan
types were easily recognized. This method also
can be used as a routine laboratory procedure to
establish the peptidoglycan type of gram-posi-
tive organisms when it is necessary as a crite-
rion for the classification of these organisms.

Variation of the Peptide Moiety

In contrast to the uniform structure of the
glycan, the peptide moiety reveals considerable
variation. The variety in the amino acid compo-
sition of the cell walls of gram-positive orga-
nisms has been demonstrated by the pioneering
work of Cummins and Harris (75). Both quali-
tative and quantitative modifications were
found. More detailed studies especially by
Ghuysen and his co-workers, Perkins and our
own group led to knowledge of how both the
peptide subunit and the interpeptide bridges
can vary in their composition.

Variation of the peptide subunit. The
peptide subunits are bound by their N-terminal
amino acid to the carboxyl group of muramic
acid. The amino acid sequence of the peptide
subunit and its variations are depicted in Fig.
5. The amino acid linked to muramic acid is
usually L-Ala, but in some cases it can be
replaced by Gly or r-Ser (129, 249, 250, 288,
289, 335, 341).

p-Glu in position 2 can be hydroxylated in a
few coryneform bacteria and then threo-3-
hydroxy-glutamic acid (3-Hyg) is found instead
of p-Glu (342). The hydroxylation of Glu to
3-Hyg depends very much on the oxygen supply
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TasLe 4. Comparison of the quantitative amino acid composition of cell walls isolated by hot trichloroacetic
acid treatment of whole cells (C-T'CA) with that of cell walls isolated by mechanical disintegration of cells

(CW-Tryp)®
Molar ratio of amino acids
Organism Prepn
Dpm Lys Glu Ala Gly Ser Leu Ile
Staphylococcus aureus C-TCA 1.1 1.0 1.9 45 0.20 0.08 | 0.04
CW-Tryp 1.0 1.0 2.0 4.8 0.10
Microbacterium flavum C-TCA 0.7 0.1 1.0 1.6 0.2 0.10 0.20 0.08
CW-Tryp | 0.95 1.0 1.7
Micrococcus luteus C-TCA 0.85 1.0 1.85 1.1 0.11 | 0.15 | 0.06
CW-Tryp 0.98 1.0 1.89 1.0
Micrococcus mucilaginosus C-TCA 0.85 1.0 250 | 0.08 0.20
CW-Tryp 0.95 1.0 2.50 0.20

¢ All preparations were purified by digestion with trypsin. The content of non-peptidoglycan amino acids

(leucine, isoleucine) is an indication of contamination of the preparation.

ur

|

L—-Ala (Gly, L-Ser)

M

2 (3-Hyg) D-Glu—2— NH, (Gly, GlyNH,, D-AlaNH,)
Y

3 m-me (L-Lys, L-Orn, LL-Dpm, m -HyDpm,L— Dab ,L-HyLys)
l (NY-Acetyl-L-Dab, L-Hsr, L-Ala, L-Glu)

4 D-Ala

) (D-Ala)

Fic. 5. Variations of the peptide subunit. Amino acids in parentheses may replace the corresponding amino

acids or substituents.

during growth. Cells grown under microaero-
philic conditions contain almost no 3-Hyg
(343). The vy-carboxyl group of p-Glu or 3-Hyg
is linked to the next amino acid in the peptide
subunit. The a-carboxyl group is either free or
substituted. In many organisms it is amidated
(109, 389). In some bacteria like Micrococcus
luteus it is substituted by Gly (252, 253, 338,
389). This Gly can be partly replaced by p-Ser
when the organism is grown in a defined
medium with a high content of p-Ser (419). In
certain organisms the a-carboxyl groups of
p-Glu are substituted by glycineamide as in
Arthrobacter atrocyaneus (156) or by b-
alanineamide as in Arthrobacter sp. NCIB 9423
(101).

The greatest variation occurs at position 3,
where usually a diamino acid is found. The
most widely distributed diamino acid is meso-

diaminopimelic acid (m-Dpm). It is present in
probably all gram-negative bacteria and in
numerous other organisms, such as some spe-
cies of bacilli, clostridia, lactobacilli, coryne-
bacteria, propionibacteria, Actinomycetales,
Myxobacteriales, Rickettsiae, and blue-green
algae (427). Studies from different laboratories
have shown that the L-asymmetric carbon of
m-Dpm is bound in the peptide subunit. The
y-carboxyl group of p-Glu is linked to the
amino group on the L-carbon of m-Dpm (50, 92,
93), and the amino group of p-Ala is linked to
the carboxyl group on the same carbon of
m-Dpm (394).

Since other amino acids known to be in
position 3 are always L-isomers, it follows that
the peptide subunit consists of amino acids
with alternating L- and Dp-configuration. The
carboxyl group of m-Dpm not engaged in a
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peptide bond can be substituted by an amide
group (188, 406).

L-Lysine is also a fairly common diamino
acid at position 3. Less frequent are L-Orn (109,
167, 292, 301, 302, 427), L,L-Dpm (68, 69, 76,
345, 427), meso-2,6-diamino-3-hydroxy-3-
pimelic acid (m-HyDpm) (290), and hydroxy-
lysine (HyLys) (265, 356). Since all these amino
acids possess an additional amino group, they
are an excellent anchoring point for the cross-
linking of the peptide subunits. Indeed, al-
most all peptide subunits containing one of
these diamino acids in position 3 are cross-
linked by means of these diamino acids.

In a few bacteria, however, the diamino acid
in position 3 is not involved in the cross-linkage
and remains unsubstituted (129, 343). In the
case of Corynebacterium insidiosum the distant
amino group of the diamino acid, «L-
diaminobutyric acid (r-Dab), is acetylated
(289). In some coryneform bacteria the diamino
acid in position 3 is replaced by a monoamino
acid like L-homoserine (L-Hsr) (286, 291, 335),
L-Ala or L-Glu (81). These types of peptide
subunits are cross-linked in a different way.
Since the amino acid in position 3 contains no
reactive group for forming a peptide bond
(N-acetyl-L-Dab, L-Hsr, L-Ala) or the group is
unreactive (rL-Lys, L-Orn, L-Dab, L-Glu),
another trifunctional amino acid must be found
as starting poinc of the cross-linking. The only
other trifunctional amino acid besides the dia-
mino acid occurring in the peptide subunit is
D-Glu at position 2. Therefore, the cross-link-
ing starts in these types at position 2.

Position 4 is almost always occupied by
D-Ala, with very little variation. The carboxyl
group of p-Ala is usually blocked by the inter-
peptide bridge, but a portion of the peptide
subunits is not cross-linked (386). In such cases
the C-terminal p-Ala is either split off if p-Ala
carboxypeptidases are present (158), or it re-
mains substituted by another p-Ala. Therefore,
tri- and pentapeptides can also occur besides
tetrapeptides, whereby the pentapeptide repre-
sents a remainder of the peptidoglycan precur-
sor (369).

Variation of the mode of cross-linkage.
Most variations of the peptide moiety of the
peptidoglycan do not occur in the peptide
subunit but in the interpeptide bridge and in
the mode of cross-linkage. Ghuysen (109) di-
vided the peptidoglycans into four different
main types. Since then many new amino acid
sequences of the peptidoglycan have been es-
tablished and the knowledge of their biosynthe-
sis is more complete. We shall use a new
classification system based on the mode of
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cross-linkage and the proposed paths of biosyn-
thesis. There are two main groups of cross-link-
age called A and B, depending upon the anchor-
ing point of the cross-linkage to the peptide
subunit. They are divided in subgroups which
carry Arabic figures and are characterized by
the presence or absence of an interpeptide
bridge, the kind of interpeptide bridges, and
their mode of biosynthesis.

The variations within the subgroups reflect
the diversity of the amino acids in position 3 of
the peptide subunit. The variations are marked
by small Greek letters. The variations can be
subdivided into distinct peptidoglycan types
based on the different amino acid sequence of
the interpeptide bridges and on the differences
in the substitution of the a-carboxyl group of
p-glutamic acid. In the following chapter we
shall discuss these different variations.

Besides a short descriptive text, figures and
tables will be given for an easier understanding.
The amino acid sequence of the various sub-
groups will be depicted in figures. The tables
contain the kind of variation and all known
types of each variation, together with the name
of the organism in which the structure was first
elucidated and the reference of the first descrip-
tion.

Group A: cross-linkage between position 3
and 4. The cross-linkage of group A extends
from the w-amino group of the diamino acid in
position 3 of one peptide subunit to the car-
boxyl group of p-Ala in position 4 of another
adjacent peptide subunit. This is the most
common kind of cross-linkage. The first known
example of this group is the directly cross-
linked, m-Dpm containing peptidoglycan of E.
coli (403) which we call variation Al~y.

A fragment of a subgroup A1l structure (direct
cross-linkage) is depicted in Fig. 6. The amino
group of the p-asymmetric carbon of m-Dpm
forms a peptide bond with the carboxyl group
of p-alanine of an adjacent peptide subunit.
Since there is no interpeptide bridge involved,
this kind of cross-linkage is called ‘direct

-6-M-G-—
L- Ala

D-Glu —=(NH;)
Y
(NH,) «—m - Dpm —% _ D-Ala

!
(D-Ala) m=-Dpm —*(NH,)

!

Fic. 6. Fragment of the primary structure of a
directly cross-linked, m-Dpm containing peptidogly-
can (Aly).
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cross-linkage.” For many years it was only
known to occur in the very widespread m-
Dpm containing peptidoglycans. Recent in-
vestigations on the peptidoglycan structure of
aerococci, several streptococci, and of Spiro-
chaeta have shown that direct cross-link-
age can also occur in bacteria containing L-Lys
or L-Orn instead of m-Dpm. Thus, we can dis-
tinguish three variations within subgroup Al:
variation Ala with L-Lys; variation A18 with
L-Orn; variation Alvy with m-Dpm in position 3
of the peptide subunit (Table 5). The m-Dpm-
containing variation may be subdivided in types
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depending on the amidation of the free carboxyl
groups of the peptide subunits (Table 5). In E.

coli and Bacillus megaterium, none of the
carboxyl groups are amidated. In B. lichenifor-
mis ATCC 9945 the a-carboxyl group of p-Glu
is substituted, whereas in B. licheniformis
NCTC 6346 and in B. subtilis most of the
peptide subunits have an amide substituent on
the carboxyl group of the p-asymmetric carbon
of m-Dpm. Cell walls of Lactobacillus plan-
tarum and Corynebacterium diphtheriae have
both carboxyl groups amidated. It should, how-
ever, be mentioned that the extent of amidation

TAaBLE 5. Variations and types of subgroup Al

Vtai;i:' Di:;?;no Amidation of peptide subunit Species Fig. Reference
Ala |L-Lys |Partlyamidated Aerococcus viridans, Gaffkya |18 | 268
homari ATCC 10400
A18 |L-Orm |Not amidated Spirochaeta stenostrepta 28 | Schleifer and
Joseph, man-
uscript in
preparation
Aly | m-Dpm| Notamidated Escherichia coli, Bacillus ' 6 | 394
megaterium
One carboxyl group amidated
(a)a-Carboxyl group of p-Glu | Bacillus licheniformis ATCC | 6 | 254
99.
(b) Carboxyl group of m-Dpm | B. subtilis, B. licheniformis | 6 | 148,402
NCTC 6346
Both carboxyl groups amidated | Lactobacillus plantarum, Co- | 6 | 242,406, 188
rynebacterium diphtheriae
TaBLE 6. Peptidoglycan types of variation A3a®
Position 4 Interpeptide bridge Position 3 Species Fig. Reference
-Gly - Bifidobacterium 23 | 176
- Gly;— Staphylococcus aureus Copenhagen 8 |113
— Gly(L-Ser) — Micrococcus mucilaginosus 16 | Schleifer et al.,
manuscript
in
preparation
— L-Ala(L-Ser) — 1 M. mucilaginosus 16 | Schleifer et al.,
manuscript
in
preparation
p-Ala — —L-Ala — %, -Lys | Arthrobacter crystallopoietes 21c | 210,211
—L-Ala, — L. coprophilus 21c (144
—L-Ala; — M. roseus 13a 293
Streptococcus thermophilus 336
—L-Ala, — A. ramosus 13a | 101
—L-Ala; — Micrococcus sp. 7425 Schleifer, un-
published
data

@ Interpeptide bridges consist of single amino acids or homo-oligopeptides.
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can be decreased by enzymic reactions (148a,
188).

Besides this variation in the amidation, there
is also a variation in the length of the peptide
subunit due to the variable occurrence of p-Ala
carboxypeptidases. If these enzymes are pres-
ent, peptide subunits consisting of tripeptides
(lacking p-Ala) are found besides tetrapeptides
(206, 242, 386, 402). In case of L. plantarum
both carboxyl groups of m-Dpm in the tripep-
tides are amidated.

A fragment of the primary structure of sub-
group A2 (cross-linkage by polymerized peptide
subunits) is depicted in Fig. 7. This subgroup
shows several peculiarities. (i) At least 50% of
the N-acetylmuramic residues are not sub-
stituted by a peptide subunit (220, 265). (ii) All
of the glycine residues in the native cell walls
are C-terminal (388, 389). Therefore, Gly is not
involved in the cross-linking of the peptide
subunits but is bound to the a-carboxyl group
of p-Glu (189, 253). (iii) Eighty percent of the
e-amino groups of L-Lys are unsubstituted. The
primary structure of the peptidoglycan was first
established by studies in our own laboratory
(338) and later confirmed and refined by the
work of Ghuysen’s group (116).

According to these findings, the peptide sub-
units are connected through bridges which are
formed by a ‘‘head-to-tail” linkage of several
peptide subunits. Thus, the peptide subunits
are linked together through polymerized pep-
tide subunits. Up to four peptide subunits can
torm the connecting bridge.

Subgroup A2 may be understood as a further
development of the directly cross-linked varia-
tion of Alx. Besides the substitution of the
a-carboxyl group of p-Glu by Gly, the only
difference from the directly cross-linked varia-
tion is an additional biosynthetic step as pro-
posed by Schleifer and Kandler (338): that is an
amidase reaction in which the amide linkage
between N-acetylmuramic acid and L-Ala is

-G-M-G-
L- Ala
D-Glu—»Gly
ettt 1
¥ ' Gi‘y h
] 1
L-Lys 51 D-Alae— L-LyseY—D-Glue— L-Alas——D-Ala
g -
D-Ala L-Lys

1

Fic. 7. Fragment of the primary structure of a
peptidoglycan of subgroup A2 (Micrococcus luteus).
The cross-linkage bridge is marked by a dashed
frame.
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hydrolyzed after the peptide subunit has under-
gone a direct cross-linkage between the C-ter-
minal p-Ala and the e-amino group of L-Lys of
an adjacent peptide subunit. The head-to-tail
linkage is then formed by a second transpepti-
dation reaction. But this time the transpeptida-
tion results between the p-Ala and the N-ter-
minal r-Ala. When this process is repeated,
interpeptide bridges consisting of several “po-
lymerized” peptide subunits can be formed. It
may be possible that for the two transpeptida-
tions two different transpeptidases are neces-
sary, depending on the structure of the amino
acceptor: e-amino group of L-Lys or a-amino
group of L-Ala (116).

Up to now there are no known variations of
this subgroup. A proposal that the L,L-Dpm-
containing peptidoglycan of Clostridium per-
fringens possesses a similar structure (296)
could not be confirmed (221, 345).

Subgroup A3 (cross-linkage by interpeptide
bridges consisting of monocarboxylic L-amino
acids or glycine, or both) is very common
among gram-positive bacteria. Actually, the
first known primary structure of the peptido-
glycan of a gram-positive bacterium, the pep-
tidoglycan of Staphylococcus aureus strain Co-
penhagen (113) belongs to this subgroup. A
pentaglycine chain serves as interpeptide
bridge in this case. A typical fragment of such a
peptidoglycan is illustrated in Fig. 8. There
exist several variations of subgroup A3, depend-
ing upon the diamino acid occurring in position
3 of the peptide subunit.

The most common variation is A3a. In this
case L-Lys is found in position 3. The known
peptidoglycan types of this variation are sum-
marized in Tables 6 and 7. Table 6 comprises
the interpeptide bridges consisting of a single
amino acid residue or of homo-oligopeptides.
The size of the interpeptide bridge varies be-
tween one and six amino acids. The homo-
oligopeptides are composed of Gly or L-Ala

-6-M-G-
L- Ala

D- Glu—sNH,

B S B
L~ Lys «€— Glye— Glye— Glyse— Gly«— Gly «—D-Ala
1 L o e o e D DD - ]
D-Ala L-Lys
(D-Ala) T

Fic. 8. Fragment of the primary structure of a
peptidoglycan of subgroup A3 (Staphylococcus au-
reus, strain Copenhagen). Interpeptide bridge
marked by a dashed frame.



Vor. 36, 1972 PEPTIDOGLYCAN TYPES OF BACTERIAL CELL WALLS 419
TaBLE 7. Peptidoglycan types of variation A3a®
Position 4 Interpeptide bridge Position 3 Species Fig. Reference
- Gly - L-Ala — Peptostreptococcus sp. 19d | 339
—Gly,; > L-Ala— Staphylococcus epidermidis | 12b | 334
- Gly,., — L-Ser,., —» Gly — S. epidermidis 12c | 346, 385
— L-Ala - Gly;.¢— S. roseus 14e | Schleifer et al.,
manuscript
in
preparation
—L-Ala - Gly — L-Ala, — Streptococcus sp. 19e | Hladny 1972°
— L-Ala(L-Ser) — L-Ala, — ! Streptococcus group G 19¢ | Hladny 1972
— L-Ala(L-Ser) — L-Ala — S. agalactiae 19b | Hladny 1972
— L-Ser — L-Ala — Lactobacillus viridescens 2la | 174
p-Ala— |~ L-Ser — L-Ala(L-Ser) — ¢, L-Lvs Leuconostoc gracile 2la | 169
—L-Ala, — L-Ser — — Ly L. cremoris 21b | 174
—Gly - L-Thr —» Streptococcus salivarius 20b | 141a
— L-Ser(L-Ala) — L-Thr — S. bovis 20a | 14l1a
S. equinus
— L-Ala — L-Thr — Streptococcus sp. 25a | 337
—r-Ala, » L-Thr — Arthrobacter citreus 26a | Fiedler et al.
1972¢
—L-Alag — L-Thr — Micrococcus roseus R 27 13b | 293
— L-Ala, - L-Ser - L-Thr — Mycococcus ruber Schleifer, un-
published
data
—L-Ala - L-Thr — L-Ala — A. aurescens 26b | Fiedler et al.
1972¢
— L-Ala — L-Thr — L-Ser — A. polychromogenes 26c | Fiedler et al.
1972¢

2 Interpeptide bridges consist of hetero-oligo peptides.
*J. Hladny, Ph.D. thesis, Technical University, Munich, 1971.
°F. Fiedler, K. H. Schleifer, and O. Kandler, J. Bacteriol. 113: 8-17.

residues. In case of M. mucilaginosus, L-Ser
partially replaces Gly or Ala.

" Table 7 shows interpeptide bridges consisting
of hetero-oligopeptides. The size of the inter-
peptide bridges ranges from two to seven amino
acid residues. Especially interesting are inter-
peptide bridges with the same amino acid
composition but a different sequence. For ex-
ample, in the case of the peptidoglycan of
Arthrobacter polychromogenes, L-Ser is bound
to the e-amino group of rL-Lys and L-Thr is
bound to L-Ser; whereas, in the case of Myco-
coccus ruber, the sequence is reversed. This
indicates that it is important to determine the
sequence, since even the quantitative amino
acid composition is not sufficient to distinguish
the different peptidoglycans. The problem of
the biosynthetic fixation of the amino acid
sequence of an interpeptide bridge has not yet
been solved. The biosynthesis of an interpep-
tide bridge consisting of a hetero-oligopeptide
has been studied in greater detail only in the
case of L. viridescens (305). In vitro studies
have revealed that L-Ser is attached with about
the same frequency as L-Ala to the e-amino
group of L-Lys, whereas in cell walls it is almost

exclusively L-Ala that is linked to this group.
Variation A38 and variation A3y are far less
frequent than variation A3a. Variation A38
contains L-Orn in position 3 of the peptide
subunit and has been found up to now in three
different peptidoglycan types (Table 8).

The distinction between variation A3a and
A3 is sometimes not possible since both dia-
mino acids (L-Lys, L-Orn) can be present in
varying amounts in the same peptidoglycan
(145). It has been shown in our laboratory that
the ratio of L-Lys/L-Orn may be different from
strain to strain, but is not significantly in-
fluenced by the amount of lysine or ornithine in
the medium.

Variation A3+ reveals L, L-Dpm in position 3
of the peptide subunit. Only two peptidoglycan
types of this variation have been found so far
(Table 8).

Subgroup A4 (cross-linkage by interpeptide
bridges containing a dicarboxylic amino acid)
was discussed by Ghuysen (109) together with
subgroup A3 as “peptidoglycans of type IL.”” At
the time Ghuysen wrote his review, only one
peptidoglycan type of subgroup A4 was known,
but meanwhile different variations and various
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TasLE 8. Peptidoglycan types of variations A38 and A3y

vt?;:' Position 4 Interpeptide bridge Position 3 Species Fig. lzif::
- Gly,.; - Micrococcus 14f | 109
radiodurans
A38 |p-Ala — — L-Ala; — 8, -Om B. globosum 22¢ | 145
— L-Ala — L-Thr — L-Ala — L-Ser — B. longum 22b | 200
- Gly — Propionibacte- 15a | 345
rium peter-
sonil
A3y |p-Ala — ¢ L,.-Dpm | S. roseochromo- | 15a | 19a
genes
- Gly — Arthrobacter 27a | 101
tumescens

peptidoglycan types of this subgroup have been
established. We feel that the differentiation
between subgroup A3 and subgroup A4 is justi-
fied by the different modes of biosynthesis of
their interpeptide bridges. The L-amino acids
and glycine of the interpeptide bridge of sub-
group A3 are activated as their transfer ribonu-
cleic acid (tRNA) derivatives and added se-
quentially to the w-amino group of the L-

diamino acid (240). In the case of subgroup A4,
however, the dicarboxylic amino acids are al-
ways linked in the interpeptide bridge by their
distant (8 or vy) carboxyl group, and the incor-
poration takes place without the participation
of a tRNA derivative. For p-aspartic acid, it
was shown that it is activated as
p-aspartyl8-phosphate and is incorporated
into a lipid intermediate of the peptidoglycan
of Streptococcus faecium and Lactobacillus
casei (362). The v-linked L- or p- Glu residues
may be synthesized via their y-phosphate de-
rivaties in analogy to the p-aspartyl residues.

The a-carboxyl group of the dicarboxylic
amino acid is free or it is substituted by an
amide. A typical fragment of the primary
structure of a peptidoglycan of subgroup A4 is
depicted in Fig. 9. As an example, the peptido-
glycan of S. faecium was chosen. As in the case
of subgroup A3, one also finds three variations
in subgroup A4 depending on the diamino acid
occuring in position 3 of the peptide subunit.
The most common variation is A4a with L-Lys
in position 3. The various known peptidoglycan
types of this variation are summarized in Table
9. The peptidoglycan types of the less common
variations A48 and A4y, containing L-Orn or
m-Dpm, are listed in Table 10.

Group B: cross-linkage between positions 2
and 4. Peptidoglycan group B (cross-linkage
between positions 2 and 4) is much less frequent
than group A. It is found only among some
coryneform Dbacteria, especially the plant

pathogenic corynebacteria. The cross-linkage
in group B extends from the a-carboxyl group
of p-Glu of one peptide subunit to the car-
boxyl group of p-Ala of an adjacent peptide
subunit. Since the cross-linkage occurs be-
tween two carboxyl groups, a diamino acid has
to be present in the interpeptide bridge. This
group also shows the greatest variation in the
composition of the peptide subunit. (i) The
N-terminal amino acid of the peptide subunit
which is bound to the carboxyl group of mu-
ramic acid is not L-Ala as in group A but Gly
or L-Ser. (ii) The p-glutamic acid in position
2 is sometimes hydroxylated and threo-3-
hydroxyglutamic acid is found instead of b-
Glu. (iii). The diamino acid at position 3, if
it is present, is not involved in the cross-link-
age and reveals an unsubstituted w-amino
group (in the case of L-Lys and L-Orn) or the
w-amino group is acetylated as in some cases
of L-Dab. In most cases, however, the ‘‘un-
necessary”’ diamino acid in the peptide sub-
unit is replaced by a monoamino acid such as
L-Hsr, L-Ala, or L-Glu. Typical fragments of
the primary structures of peptidoglycans of
group B are depicted in Fig. 10 and 11. Group

-6-M-G-
L- Ala

D-Glu— NH,

Y NH, '
les 1
L-Llys : E: D-Aspt—I D—Ala
Lomomee e a1
D-Ala L-Lys

Fic. 9. Fragment of the primary structure of a
peptidoglycan of subgroup A4 (Streptococcus faeci-
um, many lactobacilli). Interpeptide bridge marked
by a dashed frame.
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TaBLE 9. Peptidoglycan types of variation Ada
Position 4 Interpeptide bridge Position 3 Species Fig. Reference
— D-Asp L Streptococcus lactis 9 (337
|
NH, S. faecium 9 |[115
— D-Asp B, 1-Ala— Bacillus pasteurii 24b | H. Ranftl, and
0. Kandler,
manuscript
in
preparation
—Asp & LSer— C. manihot 101
—-p-Glu - N Planococcus sp. 17a | 340
D-Ala= | Gl L Gly — —LLys Sporosarcina ureae 17b | 340
-1-Glu X Gly— Micrococcus luteus ATCC 398 14a | 271
-L-Glu + r-Ala— M. freudenreichii ATCC407 14b | 271
—D-Glu % -Ser — M. cyaneus CCM 856 14d | Schleifer et al.,
manuscript
in
preparation
—p-Glu % L-Ser, — M. nishinomiyaensis CCM 2140 14d | Schleifer et al.,
manuscript
in
preparation
TasLE 10. Peptidoglycan types of variations A48 and A4y
Varia- Positi . . Y. . .
tion osition 4 Interpeptide bridge Position 3 Species Fig. Reference
— D-Asp 8, Lactobacillus cellobiosus | 9 302, 303
NH,
—p-Asp 2 p-Ser— Bifidobacterium bifidum | 22a | 199¢, 395
A48 |(p-Ala — p-Asp L S LOm Cellulomonas flavigena Fiedler and
Kandler, man-
uscript in
preparation
- p-Glu — C.fimi Fiedler and
Kandler, man-
uscript in
preparation
—p-Glu ~ C. biazotea Fiedler and
| Kandler, man-
NH, uscript in
preparation
— Asp L Arthrobacter duodecadis | 27b | Bogdanovaky et
gl., manuscﬁpt
A4y |p-Ala— ¢, m-Dpm in preparation
—-p-Glu L p-Glu L Micrococcus 15b | 39
conglomeratus

2Koch et al. (199) reported L-Ser, whereas Veerkamp (395) found p-Ser. A reinvestigation of the cell wall
prepared by Koch et al. (199) in our laboratory confirmed the occurrence of p-Ser.



422

B can be subdivided into two subgroups due
to the occurrence of L- or D- diamino acids in
the interpeptide bridges.

Subgroup B1 (interpeptide bridge containing
an L-diamino acid) includes all peptidoglycan
types containing L-diamino acids in the inter-
peptide bridge which are linked by their w-
amino group to the carboxyl group of a p-Ala. It
can be divided into four variations, depending
upon the amino acid found in position 3 of the
peptide subunit. The different variations are
listed in Table 11. In variation Bleq, L-Eys
occurs in position 3; in B18, L-Hsr; in Bly,
L-Glu; and in B1§ L-Ala. The interpeptide
bridge consists of a diamino acid residue which
is L-Lys in all cases known so far, and, in
addition, one or two glycine residues. Subgroup
B2 (interpeptide bridge containing a b-
diamino acid) covers all peptidoglycan types
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containing, in the interpeptide bridge, a b-
diamino acid which is linked with its a-amino
group to the carboxyl group of p-Ala in position
4. The primary structure of this subgroup is
depicted in Fig. 11. As in the case of subgroup
B1, subgroup B2 can also be divided into
several variations, depending upon the amino
acid occurring in position 3 of the peptide
subunit. The known variations and peptidogly-
can types are summarized in Table 12.

In variation B2a, 1-Orn occurs in position 3;
in B2B, L-Hsr; and in B2y, r-Dab. Three
different p-diamino acids were found in the
interpeptide bridge. The oa-linkage between
p-Lys or p-Orn and p-Ala was established in
different laboratories and by different methods
(129, 249, 291, 335). The linkage of p-Dab to
p-Ala had not been elucidated by the studies of
Perkins (289, 291), but recent studies in our

a) b)
-G-M—G6- -6-M-G- c)
i -G-M-G-
Gly Gly
e mmmm e m e o - pommmmm e m ===y L-Ser
D- Glu —— Gly,;)—»L-Lys £ D-Ala  D-Glu——sGly,—*L-Lys «—=—D-Ala T Al
(Hyg) l\_ ____________ ) T Hyg) ] 1 D-Glu——+Gly =+ L-Lys «— D-Ala
v L-Lys ¥ L-Glu Y emmeee e -
L~ Lys T L-Glu T L-Ala L-Ala
(L=Hsr) ) | 1 T
¢ i . D-Ala X
D-Ala | D-Ala | |

Fic. 10. Fragments of primary structures of peptidoglycans of subgroup Bl. (a) Bla (Microbacterium
lacticum) and BIB (in Brevibacterium imperiale, the amino acids in parentheses are found); (b) Bly
(Arthrobacter sp. strain J39); (¢) B15 (Erysipelothrix rhusiopathiae).

a) b)
-6-M-G- -G-M-G-
l |
L-Ser Gly
l [ ': | A
| ' '
D-Glu 4—=——D-Lyse+—D-Ala  D-Glu—(Gly)-2+D-0rne——D-Ala
Y ' & (D-om) ! t (Hyg) i
o L-0rn ly Loememmmm-- 4 L-Hsr
t L-Hsr t
D-Ala | '
! (D-Ala) |
c)
_G_T_G_
Gl
Loy }
v !
D-Glu — D—Dabe——D -Ala
(Hyg) L _________
I\
L— Dabe—(Ac) L- Dabe—(Ac)
D-Ala .

'

Fic. 11. Fragments of the primary structures of peptidoglycans of subgroup B2. (a) (Butyribacterium
rettgeri); (b) B28 (Corynebacterium poinsettiae); (c) B2y (C. insidiosum, C. michiganensis).
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laboratory have indicated that the a-amino
group of p-Dab is involved in forming the
peptide bond with the carboxyl group of p-Ala
of an adjacent peptide subunit.

Summary of the New Classification
System of Peptidoglycans

Group A: cross-linkage between positions 3 and

4 of two peptide subunits.

Subgroup Al: direct cross-linkage
Variation Ala: L-Lys in position 3 (1 type,

Fig. 18)

Variation A18: L-Orn in position 3 (1 type,

Variation Aly: m-Dpm in position 3 (3

Fig. 28)

types, Fig. 6, Table 5)
Subgroup A2: cross-linkage by polymerized
peptide subunits (1 type, Fig. 7)
Subgroup A3: cross-linkage by interpeptide
bridges consisting of monocarboxylic L-
amino acids or glycine, or both.
Variation A3x: L-Lys in position 3 (23

types, Tables 6 and 7)
Variation A38: L-Orn in position 3 (3

types, Table 8)
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Variation A3vy: L,L-Dpm in position 3 (2

types, Table 8)

Subgroup A4: cross-linkage by interpeptide
bridges containing a dicarboxylic amino

acid.

Variation A4a: 1-Lys in position 3 (9

types, Table 9)

Variation A48: L-Orn in position 3 (5

types, Table 10)

Variation A4y: m-Dpm in position 3 (2

types, Table 10)

Group B: cross-linkage between positions 2 and

4 of two peptide subunits.
Subgroup B1: interpeptide bridge containing

an L-diamino acid.

Variation Bla: L-Lys in position 3 (1 type,

Fig. 11, Table 11)

Variation B18: L-Hsr in position 3 (1 type,

Fig. 11, Table 11)

TaBLE 11. Peptidoglycan types of subgroup Bl

Vt?;i:- Position 3 | Position 2 Interpeptide bridge Position 4 Species Fig. Reference
-— . . .
Bla L-Lys 2pGlu| »'Gly & r-Lys < | p-Ala Microbacterium lac-| 10a | 343
(Hyg) ticum
B18 L-Hsr | Xp-Glu| — Gly, & r-Lys < | p-Ala |Brevibacterium im-| 10a | 335
(Hyg) periale
Bly L-Glu | < p-Glu| — Gly, % L-Lys < | p-Ala |Arthrobacter J. 39 10b | 81
(Hyg)
B1é L-Ala | & p-Glu| - Gly & vrLys< | p-Ala | Erysipelothrix 10c | Fiedler and
: rhusiopathiae Kandler, man-
uscript in
preparation
TasLE 12. Peptidoglycan types of subgroup B2
Varia- e .. . . PPSi' . .
tion Position 3 Position 2 Interpeptide bridge tion Species Fig. Reference
4
B2a -Om | & p-Glu| s pLys & p-Ala | Butyribacterium rettgeri | 11a | 130
(p-Orn)
L-Hsr 2 pGlu|Lp-Om <& p-Ala{Corynebacterium poin-| 11b | 288
B28 settiae
L-Hsr & p-Glu|— Gly % p-Orn<*|p-Ala|Microbacterium liquifa-| 11b | 335
(Hyg) ciens
B2y L-Dab & p-Glu | — p-Dab & p-Ala|C. insidiosum 11c | 291
C. michiganensis Hammes et al.,
manuscript
in
preparation
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Variation Bl+y: L-Glu in position 3 (1 type,
Fig. 11, Table 11)
Variation B16: L-Ala in position 3 (1 type,
Fig. 11, Table 11)
Subgroup B2: interpeptide bridge containing
a p-diamino acid.
Variation B2x: L-Orn in position 3 (1 type,
Fig. 12, Table 12)
Variation B28: L-Hsr in position 3 (2
types, Fig. 12, Table 12)
Variation B2+v: L-Dab in position 3 (1 type,
Fig. 12, Table 12)

Stability of Peptidoglycan Structure
Under Different Conditions of Growth

To establish the value of the peptidoglycan
structure as a taxonomic criterion, it is neces-
sary to demonstrate its phenotypic stability
and to determine whether structural changes
dependent on the growth phase or environmen-
tal factors can be observed. Changes of the cell
wall composition have been observed only un-
der conditions where different nutrients are
limiting factors for growth (98, 99, 378) or in the
presence of a quite unbalanced growth medium.
Since detailed studies about these subjects will
be published elsewhere (99a; Schliefer and
Kandler, manuscript in preparation), we can
restrict ourselves to a short survey of the phe-
notypic variations of the peptidoglycan.

Modifications of the peptidoglycan are not as
dramatic as those of the cell wall polysaccha-
rides (98, 99a, 378); in particular the type of
peptidoglycan is rather stable, and, up to now,
no drastic alterations of the peptidoglycan
types have been found.

A few rather similar amino acids may be
exchanged. In the case of M. luteus
(lysodeikticus), glycine bound to the a-carboxyl
group of glutamic acid can be replaced by
p-serine (128, 419). In strains of staphylococci,
glycine residues of the interpeptide bridges can
be replaced by L-serine (52, 334, 346, 433) or
L-alanine (334, 346). But these alterations
only occur when these amino acids are added in
rather high concentrations to the growth me-
dium and when the original amino acids are
present in limiting amounts. The same is true
for the incorporation of hydroxylysine instead
of lysine into the peptidoglycans of S. faecalis
and Leuconostoc (346, 359) or for that of lanthi-
onine, a monosulfur analogue of Dpm, instead
of Dpm in a Dpm-auxotroph mutant of E. coli
(198). The most pronounced phenotypic varia-
tion of the peptidoglycan was found among
staphylococci (334, 346; G. Rauch, Diplom
thesis, University of Munich, 1970; W.
Hammes, Diplom thesis, University of Munich,
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1970). These studies have indicated that the
peptidoglycan composition is fixed genetically
but that phenotypic alterations are possible.
Under extreme conditions, two genetically dif-
ferent strains can even appear to be phenotypi-
cally similar. For example, the peptidoglycan of
S. aureus normally contains little or no L-Ser,
whereas that of S. epidermidis has a rather
high serine content. When S. aureus is grown
in a serine-enriched medium, however, its
peptidoglycan now reveals a similar chemical
composition to that of a S. epidermidis grown
on a serine deficient medium. Despite the
phenotypic resemblance of these two pep-
tidoglycans under unusual conditions, the
genetic differences are obvious if these or-
ganisms are cultivated in identical balanced
media. The phenotypic variations of the sta-
phylococcal peptidoglycans are rather an
exception than a rule for the modifiability of
peptidoglycans. Studies in our laboratory and
other laboratories (373, 430) have indicated
that the amino acid composition of the cell
walls of various organisms grown in several dif-
ferent media did not vary significantly.

Some organisms normally contain two amino
acids alternately at the same position, e.g.,
strains of Bifidobacterium adolescentis contain
both L-Lys and L-Orm, in varying amounts in
the same peptidoglycan. Hereby the ratio
L-Lys/1-Orn varies with different strains but is
not dependent upon the amount of Lys or Orn
in the growth medium. A similar constancy was
found among strains of Leuconostoc gracile
which contain interpeptide bridges alternately
formed by r-Ser-L-Ala and L-Ser-L-Ser (Lauer
and Kandler, manuscript in preparation). The
variation of the serine content is not caused bv
the amino acid composition of the growth
medium since the serine content of the cell wall
changed only very little when the strains were
grown in a serine-enriched medium. These
findings indicate that in both organisms, B.
adolescentis and L. gracile, differences in the
ratio of the amino acids in question are genetic
properties.

In conclusion one can say that the only
significant phenotypic alterations of amino acid
composition in the peptidoglycan from cells
without growth limitations were found among
staphylococci. But even these alterations are
not so extensive that the peptidoglycan type is
considerably changed. In other words, a gly-
cine-rich staphylococcal peptidoglycan will
never be converted to an alanine-rich micrococ-
cal peptidoglycan. The only possible modifica-
tion of the peptidoglycan is seen in organisms
grown in a serine-enriched and glycine-limited
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medium which can alter their Lys-Gly, type to
a Lys-Gly,, L-Ser type. To avoid such a compli-
cation, the staphylococci should always be cul-
tivated in a balanced medium, sufficient in
glycine. By growing the bacteria in batch cul-
tures under balanced conditions, there will be
no phenotypic alterations of the peptidoglycan
types.

SUMMARY

A comparison of the different amino acid
sequence of peptidoglycans reveals the follow-
ing rules for the chemical construction of the
peptide moiety.

(i) The number of amino acids occurring in
the various peptidoglycans is rather restricted.
Between three and six chemically different
amino acids can be found in a particular pepti-
doglycan. Branched amino acids (valine, leu-
cine, etc.), aromatic amino acids (phenyl-ala-
nine, tyrosine, tryptophan), sulfur-containing
amino acids (cysteine, methionine), histidine,
arginine, and proline have never been detected
in clean preparations of peptidoglycans.

(ii) The tetrapeptide subunits show an alter-
nating sequence of L- and p-amino acids. Even
m-Dpm follows the rule since it is bound with
its L-asymmetric center in the peptide subunit.
D,D-Dpm residues found in the peptidoglycan
of B. megaterium probably do not break the
rule either. In vitro studies by Strominger and
co-workers (370, 421) have shown that p,D-
Dpm can replace the C-terminal p-Ala residue
of a peptide subunit by transpeptidation.
Therefore, it was suggested (370) that the occur-
rence of p,D-Dpm in the peptidoglycan of B.
megaterium could be accounted for by these
transpeptidation reactions. The only exception
is the replacement of L-alanine in position 1 by
glycine, but the latter amino acid does not have
an asymmetric carbon atom. The pentapeptide
subunit of the peptidoglycan precursor contains
a D-D sequence (D-Ala-p-Ala) at position 4
and 5. These pentapeptides can be preserved as
a minor portion of the peptide subunits in
peptidoglycans lacking b, p-carboxypeptidase.

(i) p-Glutamic acid in position 2 and p-ala-
nine in position 4 and 5 of the peptide subunit
are not usually replaced by other amino acids.
In the case of position 2, however, a hydroxyla-
tion of p-glutamic acid to threo-3-hydroxy-
glutamic acid is possible in the peptidoglycans
of a few coryneform bacteria. The p-alanine
residues in position 4 and 5 can be replaced by
other p-amino acids or glycine when the latter
amino acids are present at rather high concen-
trations in the growth medium. It has been
shown in our laboratory that under these ex-
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treme conditions the degree of cross-linkage of
the peptide subunits is lower and the growth of
the organisms is inhibited. Position 1 and
position 3 of the peptide subunit can be oc-
cupied by different amino acids in diverse
peptidoglycans. L-Alanine, L-serine, or glycine
are alternates in position 1. Position 3 shows the
greatest diversity. Nine different amino acids
have been found in this position (Fig. 5).

(iv) Most of the amino acids found in the
peptide subunits can also be used in the con-
struction of the interpeptide bridges. The mon-
ocarboxylic, monoamino acids of the interpep-
tide bridges usually occur as L isomers. An
exception is D-serine found in the interpeptide
bridge of the peptidoglycan of Bifidobacterium
bifidum. Dicarboxylic amino acids and diamino
acids, on the other hand, can occur in both
configurations in the interpeptide bridges.
There is probably also a different mode of
biosynthesis for these sterically different kinds
of interpeptide bridges.

The monocarboxylic L-amino acids and gly-
cine are activated as amino acyl-tRNA for
incorporation into the interpeptide bridges (58,
294, 316, 317). This is not possible for the
dicarboxylic amino acids, since these amino
acids are linked by their distant carboxyl
groups (8 or ) in the interpeptide bridges and
not by their a-carboxyl group as is usual in
proteins. These unusual peptide bonds are
presumably synthesized via their corresponding
phosphate derivatives (aspartyl-3-phosphate or
glutamyl-y-phosphate). The activation of p-
aspartic acid via p-aspartyl-8-phosphate was
proved in vitro in the case of enzyme prepara-
tions obtained from S. faecalis and L. casei
(362).

A similar kind of activation may be proposed
in the case of p-serine. The mode of biosynthe-
sis of the interpeptide bridges which contain
diamino acids has not yet been unraveled. The
participation of tRNA can be excluded since
the carboxyl groups of these diamino acids do
not take part in the formation of the interpep-
tide bridge. It can be assumed that these
diamino acids can be attached to the a-carboxyl
group of D-glutamic acid in a manner similar to
glycine in M. luteus (lysodeikticus). In the
latter case glycine is added to the a-carboxyl
group of p-glutamic acid in a reaction directly
linked to adenosine triphosphate (ATP) hydrol-
ysis (189).

(v) Interpeptide bridges containing a diamino
acid reveal an interesting correlation between
the mode of linkage and the configuration of
these diamino acids. L-Diamino acids are al-
ways bound through their w-amino group to
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p-alanine and through their a-amino group to
p-glutamic acid or glycine, whereas p-diamino
acids are linked the other way round.

(vi) It is possible that a particular peptidogly-
can contains peptide units with different amino
acid composition. It was found in several orga-
nisms that L-lysine and L-ornithine occur in
the same peptidoglycan at position 3 of the
peptide subunits. The molar ratio of Lys/Orn
varies among different, strains but the addition
of lysine or ornithine to the growth medium did
not significantly influence the ratio. In the
interpeptide bridges sometimes L-alanine, L-
serine, and glycine can partially replace each
other.

PROPOSAL FOR A CONCISE
SYSTEM FOR
CHARACTERIZATION AND
REPRESENTATION OF
PEPTIDOGLYCAN TYPES

For the purpose of a simplified description of
the peptidoglycan types, a concise abbreviation
consisting of a characteristic fragment of the
primary structure of the peptidoglycan will be
used to represent the diverse peptidoglycans.

Peptidoglycan Group A

The abbreviations consist of the diamino acid
occurring in position 3 of the peptide subunit
and the interpeptide bridge, starting with the
amino acid attached to the diamino acid (the
C-terminus of the interpeptide bridge) as writ-
ten in the figures. In so far as the interpeptide
bridge is bound through its C-terminus to the
w-amino group of the diamino acid, this repre-
sentation of the amino acid sequence is the
reverse of the accepted convention in which
peptides are written beginning with the N-ter-
minus. If several identical amino acid residues
occur in series in the interpeptide bridge, they
are not written in full but are abbreviated by
subscripts. If there is no interpeptide bridge,
the diamino acid is given and the word “‘direct”
is added. Some examples should illustrate this
system.

Subgroup Al. The directly cross-linked,
m-Dpm-containing peptidoglycan type (Alvy) is
written: m-Dpm-direct. The directly cross-
linked, 1-Lys (Ala) and r-Orn (A1p) peptido-
glycan types are abbreviated: L-Lys-direct and
L-Orn-direct.

Subgroup A2. This subgroup contains no
variations and hitherto only one peptidoglycan
type: L-Lys-peptide subunit.

Subgroup A3. A few examples are chosen
for illustration. (i) L-Lys occurs in position 3 of
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the peptide subunit, and the interpeptide
bridge consists of three to four L-Ala residues
(variation A3rx, Fig. 15a): L-Lys-L-Ala,.,. (ii)
L-Orn occurs in position 3 of the peptide
subunit, and the interpeptide bridge shows the
sequence (starting from the N-terminus!)
L-Ala-L-Thr-L-Ala-L-Ser (variation A38, Fig.
24b): L-Orn-L-Ser-L-Ala-L-Thr-L-Ala. (iii)
L-Lys occurs in position 3 of the peptide
subunit, and the interpeptide bridge has the
sequence L-Ser-L-Ala, but a minor part of
L-Ala can be replaced by L-Ser (variation A3,
Fig. 23a): L-Lys-L-Ala(L-Ser)-L-Ser. In such
cases always the amino acid occurring in
smaller amounts is put in parentheses.

Subgroup A4. The dicarboxylic amino
acids are always bound through their distal
carboxyl groups (8 or y) in the interpeptide
bridges, but for the purpose of simplification
this is not specified. The amidation of the
a-carboxyl groups is also not taken into consid-
eration. If it is important for the taxonomic
relevance of such a peptidoglycan type, it must
be explicitly specified. Again a few examples
should make this plain. (iv) r-Lys occurs in
position 3 of the peptide subunit, and a p-8-Asp
residue (or D-isoasparagine residue) connects
two peptide subunits (variation A4, Fig. 9):
L-Lys-p-Asp. (v) L-Orn occurs in position 3 of
the peptide subunit, and the interpeptide
bridge consists of D-3-Asp-pD-Ser (variation
A48, Fig. 24a): 1-Ormn-p-Ser-p-Asp. (vi) m-
Dpm occurs in position 3 of the peptide subu-
nit, and the interpeptide bridge consists of
v-D-Glu-p-Glu (variation A4y, Fig. 17b): m-
Dpm-p-Glu,.

Peptidoglycan Group B

To describe peptidoglycan types of group B,
the following concise system is used. In the first
place the amino acid occurring in position 3 of
the peptide subunit is written in brackets,
followed by the amino acid occurring in posi-
tion 2 (p-Glu) and the amino acid of the
interpeptide bridge linked to the a-carboxyl
group of p-Glu. The amino group of the dia-
mino acid bound to the a-carboxyl group of
p-Glu or Gly is not explicitly mentioned since
the L-diamino acids are always linked through
their a-amino groups, whereas the p-diamino
acids are linked through their w-amino groups.

The following examples should illustrate the
abbreviation system of group B peptidoglycan
types. (vii) L-Hsr occurs at position 3 and
p-Glu in position 2 of the peptide subunit, and
the peptide subunits are connected by p-Orn
residues (variation B28, Fig. 10b):
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[-Hsr]p-Glu-p-Orn.  (viii) 1-Glu occurs in
position 3 and bp-Glu in position 2 of the
peptide subunit, and the interpeptide bridge
consists of N2-Gly-Gly-L-Lys (variation Bly,
Fig. 10b): [L-Glu]p-Glu-Gly,-L-Lys.

In some cases, however, the concise system is
not sufficient to include all the special proper-
ties of a peptidoglycan type. We have already
mentioned the amidation of the dicarboxylic
amino acids of the interpeptide bridge. Other
deviations not included in the proposed system
are the substitution of the a-carboxyl group of
p-Glu in position 2 of the peptide subunit by an
amino acid or the replacement of the common
amino acid in position 1 of the peptide subunit
(L-Ala in group A and Gly in group B) by
another amino acid (e.g., L-Ser in group B). If
the inclusion of these deviations is necessary for
the distinction of peptidoglycan types, a short
appendix should be given.

CORRELATION BETWEEN
PEPTIDOGLYCAN TYPES
AND TAXONOMIC
GROUPING OF BACTERIA

Already in the early days of cell wall research,
the amino acid composition of the peptidogly-
can was considered to be useful as a taxonomic
criterion at least within certain groups of bac-
teria (75, 173, 358, 428). During the past five
years many more peptidoglycan types have
been elucidated in detailed studies (109, 279,
333). Today the determination of the qualita-
tive, or even the quantitative, amino acid
composition is no longer sufficient to character-
ize the type of peptidoglycan unequivocally. As
pointed out earlier (167) the amino acid compo-
sition of two strains may be identical, but the
amino acid sequence or even the mode of
cross-linkage may be quite different. Therefore,
it is often necessary to establish the primary
structure of the peptidoglycan. For the purpose
of classification, however, the quantitative de-
termination of the amino acid composition of
the peptidoglycan is in many cases sufficient
after the primary structure of the peptidoglycan
has once been established. This kind of study is
comparable to the studies on the amino acid
sequences of homologous proteins. But there
exists a basic difference between the genetic
fixation of a protein structure and that of a
peptidoglycan. The amino acid sequence of
polypeptide chains of proteins is determined by
the linear order of the nucleotide sequence in
the corresponding gene. There is, therefore, a
colinearity between these two sequences, and
the former is the phenotypic expression of the
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latter. By comparing homologous polypeptide
chains derived by mutations at one or more
amino acid loci, it is possible to deduce the
temporal sequence of base changes. This kind of
deduction is impossible by comparing the dif-
ferent primary structures of peptidoglycans,
since the mode of biosynthesis of this polymer is
quite different from that of polypeptide chains
and there is no colinearity between the nucleo-
tide sequence and the amino acid sequence of
the peptidoglycan. The latter is of course not
the product of a single gene but the result of
multiple gene actions. This may also be one of
the reasons why the primary structure of the
peptidoglycans is quite conservative and muta-
tional changes are rare.

In the following section the distribution of
the different peptidoglycan types among the
various groups of bacteria will be discussed.
For the classification of bacteria, the system
used in Bergey’s Manual (49) was generally
chosen. For each genus or group of genera, a
table will be presented which contains the
various types of peptidoglycans occurring in
this genus together with the names and num-
bers of strains studied so far. For simplification
a concise system will be used for the representa-
tion of the diverse peptidoglycan types. This
system has been discussed earlier in this article
(see above): “Proposal for a concise system for
characterization and representation of pep-
tidoglycan types”. In addition the variation
indexes introduced in the preceding chapter
will be also given.

Gram-Negative Bacteria

Studies on the amino acid composition and
sequence of the peptidoglycans of different
gram-negative bacteria have shown that there is
no great variation within this group. A list of
the species studied so far is given in Table 13.
The peptidoglycans of these strains contain
only the amino acids p-Glu, m-Dpm, and
D,L-Ala in a molar ratio of about 1:1:1.5 to
2.0. Therefore, it is believed that all gram-nega-
tive bacteria belong to the same peptidoglycan
type, viz., the directly cross-linked variation
Al+y as shown in Fig. 6. In most cases only the
amino acid composition of the peptidoglycan
has been studied, whereas the primary structure
has been established for only a few species such
as Escherichia coli (394, 403, 405), Brucella
abortus (234), Aerobacter cloacae (166a, 349),
Spirillum serpens (204), Proteus mirabilis (190,
236, 238), Vibrio fetus (423a), and Salmonella
typhi (377). Since the primary structure is so
uniform, no further subdivision of the gram-
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TaBLE 13. Amino acid composition of the
peptidoglycans of various gram-negative bacteria

SCHLEIFER AND KANDLER

Molar ratio of
Species amino acids Reference
Ala Glu |{m-Dpm

Acetobacter xylinum TR ‘e e 171
Aerobacter aerogenes Fa. o - 171
A.cloacae ...... .. .. 1.5 1.0 1.0 349
Agrobacterium tume-

faciens ...........| <t o+t it 171. 230
Azotobacter chroococ-

cum ... o+ - - - 171
Bacterionema matru-

chotii ............| ++ 44 4+ 26
Bacteriodes convexus| 2.17 1.0 0.97 393
Bdellovibrio bacterio-

vorus .............| 215 1.0 1.1 383
Brucella abortus .. .. + - - - 234
Caulobacter vibrioides| + + 4o + 4 171
Escherichiacoli .. ... | «+ + - - 231

1.5 1.0 0.7 404

Ferrobacillus ferrooxi-

dans .............| 233 1.0 1.0 400
Flavobacterium breve| + . b i 4 171
Hydrogenomonas sp.| -+ - - 171
Hyphomicrobium nep-| 1.84 1.0 1.04 164

tunium ... .. .. ..
Neisseria sp. .. ... . .| ++ + 4 . 125
Proteus mirabilis .. .. | 1.78 1.0 0.93 190
Pseudomonas aerugi-

nosa ..............| 4+ ty P 63
P. fluorescens e P 4+ 171
Salmonella gallinarium| - -« P - 405
S.typht ... .. .t . . 377
Serratia marcescens . + o+ 4t e 171
Spirillum serpens . . . 1.9 1.0 1.0 204
Thiobacillus  thiooxi-

dans ............ -4 . L 66
Veillonella parvula . . -t - + o 25
Vibrio fetus ... ... 1.62 1.0 0.91 423a

negative bacteria based on the types of pep-
tidoglycan can be made. There may be varia-
tions in the extent of cross-linkage and in the
degree of amidation of the non-peptide-linked
carboxyl groups of the peptide subunit. Their
taxonomic relevance, however, remains to be
shown.

Gram-Positive Bacteria

The gram-positive bacteria reveal, contrary
to the gram-negative organisms, a great varia-
tion in the composition and structural arrange-
ment of their peptidoglycans.

BacTeriOL. REV.

Family Micrococcaceae. The classification
of the gram-positive cocci was a point of contro-
versy for a long time. It was believed that the
staphylococci and the micrococci are rather
closely related and they were even placed in one
genus. However, the determination of the gua-
nosine plus cytosine (GC) ratio of these cocci
revealed that the micrococci and the staphy-
lococci must be separated into strictly dif-
ferent genera, the genus Staphylococcus with a
low GC ratio of 30 to 35% and the genus
Micrococcus with a rather high GC content of
about 70% (24, 40, 41, 203, 324). The determina-
tion of the cell wall composition of these
organisms provided an additional indication for
the separation of these two genera (177, 340). In
addition, several other strains of "*micrococci’
were shown to be different in their GC content,
in several physiological properties, and in cell
wall composition and therefore have also to be
considered as separate genera.

Genus Staphylococcus. Peptidoglycans with
a high content of glycine are typical for staphy-
lococci (18, 133, 205, 321, 327, 340, 368, 387,
390, 433, 434). Usually between 3 and 6 moles of
glycine residues are found per mole of peptide
subunit. Up to now three different peptidogly-
can types (Fig. 12) have been detected in the
genus Staphylococcus (340). Most of the strains
called S. aureus contain a peptidoglycan cross-
linked by penta- or hexaglycine bridges (Fig.
12a; 110, 113, 340, 385; Schleifer, unpublished
data). Sometimes a small amount of glycine
(0.1 to 0.25 mole/mole of glutamic acid) can be
replaced by L-serine (340, 387). Only when the
medium contains an unusually high level of
L-Ser are Ser residues incorporated into the
interpeptide bridge in significant amounts

(334). Some strains of coagulase-positive
staphylococci produce enterotoxin. To see if
-G-M-G-

L-Ala

D-Glu—= NH,
1Y
L-Lyso—e— Gly «— Gly &— Gly — Glye—Gly «——a
! O—E—Gly¢—— Gly +— L-Sere—Gly «— Gly+——Db T
L L-Alae Gly «—Gly «—Gly «—Gly «——=¢C l
| I
D-Ala

(D~ Ala) '
|

Fic. 12. Fragments of the primary structures of
peptidoglycans found in staphylococci (A3a). (a) S.
aureus, L-Lys-Glys; (b) S. epidermidis, L-Lys-Gly,,
L-Ser; (c) S. epidermidis L-Lvs-1-Ala-Gly,.
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these strains constitute a separate group, we
have studied the cell wall composition of 28 en-
terotoxin-producing strains (kindly supplied by
H. J. Sinell, Berlin) with diverse pigmentation
(white, yellow, orange). All of these strains
showed the typical cell wall composition of S.
aureus (Table 14). The peptidoglycans of most
strains of S. epidermidis contain also pen-
taglycine or hexaglycine interpeptide bridges,
but a significantly higher amount of Gly (0.5 to
1.7 moles/mole of Glu) is replaced by L-Ser
(Fig. 12b; 346, 387). A few other coagulase-nega-
tive strains reveal a peptidoglycan type in
which the interpeptide bridge consists of a
tetraglycyl-L-alanine peptide (Fig. 12c; 344).

Besides peptidoglycan, protein and teichoic
acid are the other main cell wall polymers of
staphylococci (335a). The distribution of the
different types of teichoic acid among staphy-
lococci is another chemotaxonomic criterion
(85, 86) which is also important for the different
serological behavior of staphylococci (275) and
the adsorption of phages (62).

Table 14 compiles our studies on the distribu-
tion of peptidoglycan types and teichoic acid
types within the genus Staphylococcus. The
term ‘“‘unusual teichoic acids” includes all pol-
ymers similar to teichoic acid which do not
contain a typical alditol phosphate backbone
but a glycosyl-phosphate-alditol-phosphate
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backbone (15) or a glycosyl phosphate backbone
(13, 281). The biosynthesis of these ‘‘unusual
teichoic acids’’ (51, 94) is probably different
from that of usual teichoic acids.

From the different chemical structures of the
two main cell wall polymers of staphylococci,
one can distinguish at least five different groups
(Table 14). The two main groups are the typical
S. aureus strains containing a ribitol teichoic
acid and a peptidoglycan with little or no serine
and the typical S. epidermidis strains with
glycerol teichoic acid in their walls and a
peptidoglycan with a relatively high serine
content. The other three groups are represented
only by a few strains, which are also called S.
epidermidis. This indicates heterogeneity
within the “species” S. epidermidis.

Among the strains which were delineated as
micrococci, some were found with a peptidogly-
can of staphylococcal type (335a). These strains
are listed in Table 15. All of these strains are
able to produce acid from glucose under anaero-
bic conditions, although in some cases in only
low amounts. On the basis of peptidoglycan
types and physiological properties, all of these
strains have to be considered as staphylococci.
Only in the case of M. caseolyticus 116 is the
GC content surprisingly high (418).

An intermediate group of gram-positive cocci
was studied by Mortensen and Kocur (262).

TaBLE 14. Distribution of peptidoglycan and teichoic acid types in the genus Staphylococcus®

Peptidoglycan type Teichoic acid type ;::;'izi Culture collection strain no.
Lys-Gly ;. (only Ribitol 46 S. aureus ATCC 12600, 14458, 15234
traces of L-Ser) S. aureus CCM 2317
S. aureus H,* 3528, S. aureus Copenhagen®
S. aureus Oxford 511
28 Entertoxin-producing strains,? 10 own iso-
lates
Glycerol S. epidermidis CCM 901, 2274, 2340, 2433
Lys-Gly,, L-Serg 5.5 Glycerol S. epidermidis ATCC 155, 12228, 14990, 27992

Unusual teichoic
acid (see text)

Unusuall teichoic

acid

Lys-L-Ala-Gly,

S. epidermidis Korman 968A,¢ 2476,° 1449¢
S. epidermidis Texas 26,” 10 own isolates

S. epidermidis NCTC 2102¢
S. epidermidis CCM 2368, 2435

S. epidermidis I 3,* two own isolates

2 All types belong to variation A3a.

®-4 Cell wall composition and peptidoglycan type of all strains were determined in our laboratory (177, 340;
unpublished results). A few strains were studied earlier in other laboratories: b, teichoic acid (29); c,
peptidoglycan and teichoic acid (110, 111, 113); d, strains obtained by H. J. Sinell, Berlin; e, teichoic acid
(424); f, peptidoglycan and teichoic acid (385, 387); g, teichoic acid (13); h, teichoic acid (15).
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Staphylococci are usually separated from mi-
crococci by their ability to produce acid from
glucose under anaerobic conditions (371). These
intermediate strains, however, produce only
little, if any, acid from glucose under anaerobic
conditions. Thus, the method proposed by the
Subcommittee failed to classify this group of
cocci. One possible method of grouping these
strains was by the determination of their GC
content (262). According to their low GC con-
tent, four of these strains are staphylococci,
whereas the other three strains reveal a rather
high GC ratio similar to micrococci. As shown
in Table 16 there is an excellent agreement
between the GC content and the peptidoglycan
types. All strains with a low GC content, typical
for staphylococci, also possess a typical staph-
ylococcal peptidoglycan. On the other hand,
the strains with a high GC ratio typical for
micrococci contain a peptidoglycan with a tri-
L-alanine interpeptide bridge as found among
M. roseus and M. lactis (see below).

Genus Micrococcus. The micrococci are dis-
tinguished from staphylococci by their high GC
values, namely 66 to 75%. With regard to their

TaBLE 15. Strains called Micrococcus containing
peptidoglycan types found in Staphylococcus®

Name and strain no. % GC| Peptidoglycan type

Micrococcus caseolyticus
ATCC 13548 .......... 35
M. caseolyticus 116 (from
M.R.J.Salton) ....... 444
M. candicans ATCC 14852 | 30
M. naucinus ATCC 15935 |30
M. vernae ATCC 10209 .. | ND

L-Lys-Gly .5, L-Ser

L-Lys-Gly,.5, L-Ser
L-Lys-Gly,.s, L-Ser
L-Lys-Gly;,

L-Lys-Gly,_s, L-Ser

2ND, Not determined. All strains produce acid
trom glucose under anaerobic conditions.

SCHLEIFER AND KANDLER
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peptidoglycan structure, they can be divided in
two main groups. Group I includes only the
species M. luteus and some related orga-
nisms (Table 17), including most ‘‘aerobic
Sarcina” strains. It contains an unique pep-
tidoglycan type, namely subgroup A2 (Fig. 7),
in which a polymerized peptide subunit is
involved in the cross-linkage. Group II contains
peptidoglycan types of variation A3x usually
with a tri- or tetra-alanine peptide as interpep-
tide bridge (Fig. 13a). This type is widely
distributed and has been also found among
streptococci and corynebacteria. Within the
micrococci this type of peptidoglycan is re-
stricted to M. roseus, M. varians, and some
related organisms with different names (Table
17). A similar separation of the genus
Micrococcus into two groups can be obtained by
genetic analysis (195). A collaborative study (K.
H. Schleifer, W. E. Kloos, and A. Moore,
Taxonomic status of Micrococcus luteus
[Schroter] Cohn: correlation between peptido-
glycan type and genetic compatibility, Int. J.
System. Bacteriol. 22:224-227 has shown that
only the organisms possessing peptidogly-
can types of subgroup A2 can participate in
transformation of M. luteus (lysodeikticus) or
Sarcina lutea ATCC 292. Organisms with other
peptidoglycan types are unable to perform
genetic exchange with these two strains. This is
an indication that the separation of M. luteus
from M. roseus and M. varians based on their
different peptidoglycan types is also supported
by their different genetic behavior. Moreover,
these differences in the peptidoglycan structure
of M. luteus, M. roseus, and other micrococci
are correlated with different hydrocarbon dis-
tribution patterns (261, 392).

Two strains of M. roseus reveal a different
peptidoglycan type. They contain instead of the

TaBLE 16. Correlation between type of peptidoglycan and GC ratio of gram-positive cocci of uncertain
taxonomic position

pH values
of glucose
Name and strain no. %GC | medium after Peptidoglycan type

anaerobic

incubation
Staphylococcus saprophyticus NCTC 7293 ............... 31.6 5.7 L-Lys-Gly,.;5, L-Ser
S. saprophyticus NCTC 7612 ....................cc.u.. 30.8 5.7 L-Lys-Gly,.5, L-Ser
S.lactis CCM 1400 . ...... ... .. i 30.2 6.4 L-Lys-Gly,
S.lactis NCTC 189 .. ... 32.8 6.5 L-Lys-Gly,
S.lactis NCTC 7564 . ..., 69.0 5.3 L-Lys-Ala,_,
Micrococcus sp. CCM 825 ............................. 69.5° 6.8 L-Lys-Ala;._,
Micrococcus sp. CCM 740 .. ............ .. ..o 58.0° 6.6 L-Lys-Alag_,

2 The pH values were determined by Mortensen and Kocur (262); the peptidoglycan types were determined

by Schleifer (335a).

® Data by Bohacek et al. (47), remaining.data on GC are by Silvestri and Hill (357).
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TasLe 17. Peptidoglycan types of various micrococci
Variation Type Species Strain
A2 L-Lys-peptide subunit | Micrococcus luteus CCM 149, 169, 247, 248, 265, 266, 309, 355, 370,
409, 622, 840, 851, 852, 853, 1335, 1569, 1674,
2266.
M. citreus R 266 (Pasteur Institute, Paris)®
M. flavus ATCC 400, 10240; strain 53160 (Pasteur Insti-

M. lysodeikticus
M. sodonensis
Sarcina flava

S. lutea

S. subflava

A3« L-Lys-L-Ala,_, M. roseus

M. flavoroseus
M. lactis

M. luteus
M. varians

M. salivarius
M. pulcher

S. lutea

S. aurantiacus
S. erythromyxa

L-Lys-Thr-Ala, M. roseus

M. conglomeratus

tute, Paris)®

ATCC 12698, NCTC 2655°

ATCC 11880°

ATCC 147, 540

ATCC 272, 381, 382, 9622, 10054, 10773, 15220, R
262 (Pasteur Institute, Paris)®

ATCC 7468

ATCC 144, 177, 178, 179, 185, 412, 416, 418, 516,
534, 9815; CCM 189, 347, 570, 679, 908, 1145,
1679, 2179, 2180, strain Thr-*

ATCC 397¢

CCM 268, 418, 1395, 1411, 1414, 2139, 2141, 2189,
2431

CCM 310

ATCC 399, 19099, 19100; CCM 2253

ATCC 401, CCM 825, 884

ATCC 14344

ATCC15936

ATCC 383, 533, 9341

ATCC 146

ATCC 187

CCM 2131, 2390; R 27 (Pasteur Institute, Paris)¢

¢ Peptidoglycan types were determined in our laboratory (177, 340; unpublished studies) with the exception
of: a, determined by Campbell et al. (59); b, also determined by Johnson and Campbell (163); ¢, determined by
Petit et al. (293); d, inadvertently presented as *L-Lys-peptide subunit” type (340).

normal tri- or tetra-alanine interpeptide
bridges an interpeptide bridge consisting of a
tri-L-alanyl-L-threonine, peptide (Fig. 13b).
These strains are also physiologically distinct
from normal M. roseus strains (201) and may
represent a new species. The same peptidogly-
can was described by Petit et al. (293) in a
strain of M. roseus. They thought, however, that
the L-Thr-containing strain is a typical M.
roseus and the other strain lacking L-Thr and
containing only L-Ala residues in the interpep-
tide bridge is a mutant. But our studies have
clearly demonstrated.that the strains contain-
ing only L-Ala residues in the interpeptide
bridges are the genuine M. roseus.

Some unusual peptidoglycan types have been
elucidated in microcecci of doubtful taxonomic
position (Table 18). In M. luteus ATCC 398 and
M. freudenreichii ATCC 407, the peptides 7 -L-
Glu-Gly and v -L-Glu-L-Ala cross-link the pep-
tide subunits (Fig. 14a and b). Both strains have
a distinctly lower GC content than the usual
micrococci. The GC content of M. luteus ATCC
398 has been determined to be 66% (324) and

that of M. freudenreichii to be 58 to 59% (37).
M. luteus ATCC 398 also has a different mena-
quinone pattern (162) and shows no genetic
exchange with a typical M. luteus (195).

The peptidoglycan of M. radiodurans con-
tains L-Orn instead of L-Lys (427), and the
interpeptide bridge consists of di- or triglycine
peptide (Fig. 14f; 109, 340). M. radiodurans also
differs from typical micrococci by the occur-

-6-M-G-
{

L-Ala

D-Glu—=NH,
v
L-Lys «£~ L-Ala «— L—Ala «— L-Ala «—— (L-Ala)e— @ D-Ala
& L-Thf «— L-Ala «— L-Alad «—— L-Alad «— b

D-Ala L-Lys
t
Fic. 13. Fragments of the primary structures of

peptidoglycans (A3a) found in various micrococci

listed in Table 17. (a) L-Lys-L-Ala,,; (b)

L-Lys-L-Thr-L-Ala,.
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rence of significant amounts of a lipoprotein-
polysaccharide complex as is typical for gram-
negative bacteria. This latter character is the
reason why this organism is excluded from the
genus Micrococcus (31, 32). The unique pep-
tidoglycan type supports this exclusion.

A few gram-positive cocci contain Ser in the
interpeptide bridge of the peptidoglycan (Fig.
14c¢ and d), either combined with Ala or with
D-Glu. These organisms differ from typical
micrococci by their significant lower GC ratio
(Table 18). They may be excluded from the
genus Micrococcus.

The peptidoglycan of two other gram-positive
cocci is similar to that of staphylococci. The
interpeptide bridge contains six Gly and one
L-Ala residues. But in contrast to the peptido-
glycan of some staphylococci in which L-Ala
occurs at the C-terminus of the interpeptide
bridge (Fig. 12¢), L-Ala is the N-terminus of the
interpeptide bridge in these two organisms (Fig.
14e). As in staphylococci the cell walls of both
strains show a rather high phosphate content,
but the organisms do not produce acid from
glucose under anaerobic conditions. The GC
content of 49% (203) indicates a separate posi-
tion (distinct from either Micrococcus or
Staphylococcus).

M. rhenanus var. miyamizu CCM 2142 con-
tains L,L-Dpm instead of L-Lys in its peptide
subunit (Fig. 15a). This type of peptidoglycan
and the high GC content indicate that the
organism may belong to the genus Arthrobacter
(see below).
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-6-M-G-

L-Ala

D-Glu— (NH,)
Y

‘a D-Ala

L- Lys +=— Gly+Y- L-Glu

-
=0l - AaeY-L-Gw b

+——L- Sere—L- Alae——L—Alg & c

hi

+——— L- Ser «—(L-Ser) #—— D-Glu &————d

+—— Glye— Gly+—GlyeGly «— Gly+— Glye— L—-Alae—e

+—— Gly+— Gly f

D-Ala L-Lys

(L=0rn)

|
'
[

Fic. 14. Fragments of the primary structures of
peptidoglycans found in micrococci of doubtful taxo-
nomic position (A3a, A38, Ada) listed in Table 18. (a)
L-Lys-Gly-L-Glu; (b) L-Lys-L-Ala-L-Glu; (c)
L-Lys-L-Ser-L-Ala,; (d) L-Lys-L-Ser,-D-Glu; (e)
L-Lys-Gly,-L-Ala; (f) L-Orn-Gly,.

A rather unique peptidoglycan type was
found among a small group of gram-positive
cocci (Table 18). This peptidoglycan contains
m-Dpm, and the interpeptide bridge is made
up of two p-Glu residues (Fig. 15b). With the
exception of the peptidoglycan of S. lactis CCM
2432, the a-carboxyl group of p-Glu of the
peptide subunit is substituted by glycine
amide. Almost the same type of peptidoglycan
was found among some Arthrobacter sp. (see
below). The only difference is that the pep-
tidoglycan of these arthrobacters contains an
additional amide group. The carboxyl group of
m-Dpm not involved in the peptide linkage is

TasLE 18. Peptidoglycan types of micrococci of doubtful taxonomic position

V:;::' Type Fig. Strain Reference %GC f:::;'
A3a | L-Lys-L-Ser-L-Ala, | 14¢ Sarcina oliva CCM 250 Schleifer et al., 54.2 203
manuscript in
preparation
A3a | L-Lys-Glye-L-Ala | 14e Micrococcus CCM 168 49.3 203
14e Micrococcus CCM 1405 49.3 203
A38 | L.-Orn-Gly, 14f M. radiodurans ATCC 13939 109, 340 66 203
A3, | L,.-Dpm-Gly 15a M. rhenanus var. miyamizu CCM Schleifer et al., 70.5 203
2142 manuscript in
preparation
Ada | L-Lys-Gly-L-Glu 14a M. luteus ATCC 398 271 66 324
Ada | L-Lys-L-Ala-L-Glu | 14b M. freudenreichii ATCC 407 271 59 24
A4a | L-Lys-L-Ser,-p-Glu| 14d M. nishinomiyaensis CCM 2140 Schleifer et al., 67.8 203
manuscript in
preparation
A4a | L-Lys-L-Ser-p-Glu | 14d M. cyaneus CCM 856 63.0 203
A4, | m-Dpm-p-Glu, 15b M. varians NCTC 7281 39 724 418
M. luteus CCM 2136, 2137 39 70.6 203
71.2
15b M. conglomeratus CCM 2134 39 71.4 203
15b 2135 (ATCC 19101, 19102) 39 72.0 203
15b S. lactis CCM 2432 (NCTC 7567) 39 71.2 203
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-6-M-G—- b)
L- Ala

D=Glu —= (Gly—»NH,)
Y

v
(NHz)e—m- Dpm L D- Glu Y~ D-Glu +— D-Ala

D-Ala (NH;) «— m-Dpm

?

Fic. 15. Fragments of the primary structures of Dpm-containing peptidoglycans of micrococci of doubtful
taxonomic position (A3y and A4y) listed in Table 18. (a) L, L-Dpm-Gly; (b) m-Dpm-D-Glu,.

probably amidated there. The occurrence of
this very rare type of peptidoglycan among a
small group of bacteria may indicate a connec-
tion between this group of micrococci and
certain arthrobacters. Although the GC ratio of
70 to 72% (203) is in the same range as that of
the “true” micrococci, the strains are also
different from the genus Micrococcus by physi-
ological criteria (Kocur, personal communica-
tion). In our opinion these strains form a dis-
tinct taxon.

Micrococcus mucilaginosus. In 1967 Gordon
reisolated three strains of Staphylococcus
salivarius and determined their GC ratio to be
56 to 60% (123). Bergan et al. (36) isolated
identical strains, transferred them to the genus
Micrococcus, and employed the epithet mucila-
ginosus. M. mucilaginosus strains form a rather
homogeneous group. The peptidoglycan type of
seven strains has been studied in our labora-
tory. In all cases the cross-linkage is mediated
by only one amino acid residue (Fig. 16),
namely L-Ala, L-Ser, or Gly, whereby one
amino acid can be replaced in part or com-
pletely by another one. The peptidoglycan type
of M. mucilaginosus is quite distinct from that
of staphylococci and typical micrococci (M.
luteus, M. roseus, M. varians).

Genus Planococcus. A group of marine motile
cocci has been recently characterized by a GC
content of 40 to 51% (42, 203) and transferred to
the genus Planococcus Migula (202). All of the
strains belong to the same peptidoglycan type
(340; Fig. 17a) containing one D-Glu residue as
interpeptide bridge. This peptidoglycan type
not found in other gram-positive, catalase-posi-
tive cocci supports the separation of the plano-
cocci from all the other “micrococei.”

Sporosarcina ureae. Sporosarcina ureae is a
unique organism among the gram-posit:

-G-M-G-
L-Ala
D-Glu —» NH,

Y
L—-Lys

L-Ser ¢
(L-Ala, Gly)
D—Ala

L-Lys-L-Ser(L-Ala): CCM 2392, 2393
L-Lys-L-Ser (Gly): CCM 2391, 2485
L-Lys-L-Ala: CCM 2417, 2486, 2487

Fic. 16. Fragments of the primary structure of
the peptidoglycan of M. mucilaginosus (A3a). Amino
acids in parentheses may replace L-Ser partiallv or
completely.

cocci. It is, on the one hand, similar to the
genus Planococcus in its shape, motility, and
GC content (43) and, on the other hand, to
Bacillus pasteurii in its ability to sporulate,
physiological properties, and GC content (43).
The peptidoglycans of seven strains of S. ureae
have been studied and all strains revealed the
same peptidoglycan type (Ranftl, Ph.D. thesis,
Technical University, Munich, 1972). The inter-
peptide- bridge contains glycine and, like the
peptidoglycan of the planococci, a vy-linked
p-Glu (Fig. 17b). Together with the other cri-
teria mentioned above the unique peptidogly-
can of S. ureae justifies the transfer of this
species to the separate genus Sporosarcina.
This confirms also the studies of: Herdon and
Bott (139) which showed that the deoxyribo-
nucleic acid (DNA)-RNA homology between
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-6-M=-G-—
L-Ala
!
D-Glu
IR
L-Lys «+=Y_ D-Glye——— a D-Ala
—&  Glyel D-Glue— b ‘

D-Ala L=Lys

!

Fic. 17. Fragments of the primary structures of
peptidoglycans of Planococcus and Sporosarcina
(A4a). (a) Planococcus sp.. CCM 316, 1849, 2069,
2104, 2387, 2388, 2389, 2414, 2415, 2416; L-Lys-D-Glu.
(b) S. ureae: ATCC 6473, CCM 380, 752, 860, 981,
1732, 1743; L-Lys-Gly-D-Glu.

strains of Sporosarcina and certain bacilli,
especially B. pasteurii, is better than between
Sporosarcina and micrococci.

Genus Sarcina. The low GC content (28-30%)
of the anaerobic organisms S. maxima and S.
ventriculi indicates that these organisms are
phylogenetically remote from aerobic strains
called Sarcina with their high GC content of
about 70%. On the basis of these findings
Canale-Parola (60) concluded that only the
anaerobic, sugar-fermenting species S. ven-
triculi and S. maxima should be considered as
Sarcina. The peptidoglycans of two strains of S.
maxima and two strains of S. ventriculi were
studied by Kandler et al. (178), and it was found
that they belonged to the same peptidoglycan
type. All strains contained L, L-Dpm and were
cross-linked by a glycine residue (Fig. 15a). This
finding supports the separation of the anaerobic
from the aerobic tetrad-forming organisms.

Genus Aerococcus. A group of mostly cata-
lase-negative, gram-positive cocci with a low
GC content of 35 to 43% was described by
Bohacek et al. (44) and Evans and Schultes
(100a). They are called A. viridans and A.
catalasicus; the latter are catalase-positive. The
amino acid sequence of the peptidoglycan of A.
virtdans strains Evans 207 and ATCC 11563
was studied in detail (268). In contrast to all the
other peptidoglycan types found in micrococci,
this type contains no interpeptide bridge. The
carboxyl group of p-Ala is directly linked to the
e-amino group of L-Lys of an adjacent peptide
subunit (Fig. 18). Comparison of the peptide
patterns of partial acid hydrolysates of cell
walls of 33 other strains of aerococci (kindly
supplied by Baird-Parker, Evans, and Kocur)
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and the determination of the molar ratios of the
amino acids of these cell walls indicated that
they contain the same directly cross-linked
peptidoglycan variation Ala as strains Evans
207 and ATCC 11563. The degree of cross-link-
age is very low, since 70% of the lysine residues
reveal an unsubstituted e-amino group. In addi-
tion most of p-Ala is missing. Therefore, the
free peptide subunits probably consist of tri-
peptides with a C-terminal L-Lys. The a-car-
boxyl group of p-Glu is amidated in a part of
the peptide subunits. The uniformity of the
peptidoglycan type together with the low GC
content of all strains supports their unification
within a separate genus.

Genus Gaffkya. The genus Gaffkya is a rather
heterogeneous group. The strains of Gaffkya
homari show a GC content similar to that of the
aerococci, and DNA-hybridization studies also
confirmed the relationship between Gaffkya
homari and aerococci (350, 351). The same is
true for the peptidoglycan type. Gaffkya homari
only differs from the aerococci by a relative high
alanine content in its walls (2 moles per mole of
glutamic acid), but the cross-linkage is the
same as in aerococci (268). The identical pep-
tidoglycan type supports, together with the
other criteria mentioned above, the transfer of
Gaffkya homart to the genus Aerococcus as
suggested earlier (88, 351).

A diverse array of bacteria have been labeled

-G-M-G-
l
L- Ala

}

D-Glu—s(NH,)
lY
L-Lys+£?-D—Am

f

L—Lys
I

i
(D-Ala)

Fic. 18. Fragment of the primary structure of the
directly cross-linked peptidoglycan (A 18) of aerococci
and streptococci (listed in Tables 20 and 22). L-Lys-
direct. A. viridans ATCC 11563; strains from .
Evans (Raleigh, N.C.): 3, 53, 95, 132, 146, 165, and
201; A. catalasicus: CCM 2437, 2451, 2452; Gaffkya
homari: ATCC 10400.
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Gaffkya tetragena. The peptidoglycan of Gaff-
kya tetragena ATCC 10875 was studied in our
laboratory. The peptidoglycan type is like that
of S. epidermidis (Fig. 14b), and the GC content
is also typical for a Staphylococcus (350).
Micrococcus cryophilus. Cell walls were pre-
pared from freeze-dried cells of M. cryophilus
CCM 900 (AT'CC 12226) kindly supplied by M.
Kocur (Brno). Analysis of these cell walls re-
vealed a directly cross-linked, m-Dpm-contain-
ing peptidoglycan (177). This peptidoglycan
type is not found in other gram-positive, cata-
lase-positive cocci. But M. cryophilus is known
to be very unusual in many respects. The fine
structure of the cell wall is intermediate be-
tween that of gram-negative and gram-positive
bacteria (244), and the GC content is only 41%
(41, 203). Thus, M. cryophilus is certainly
different from typical micrococci and has to be
excluded from the genus Micrococcus.
Micrococcus morrhuae. M. morrhuae is an
obligate halophilic organism with a GC content
varying in different strains from 57.1 to 61.4%
(42). The taxonomic position of this species is
uncertain. Venkataraman and Sreenivasen
(396) recommended that it should be placed in a
separate genus named Halococcus. Studies in
our laboratory have shown that these organisms
contain no peptidoglycan (177), despite the
very thick cell wall. According to Larsen (215)
these cell walls consist of polysaccharide. The
absence of a peptidoglycan supports the exclu-
sion of this species from the genus Micrococcus.
The grouping of the family Micrococcaceae
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according to GC content and peptidoglycan
type is given in Table 19.

Family Lactobacillaceae

The family Lactobacillaceae comprises mi-
croaerophilic or anaerobic cocci and rods which
produce lactic acid from carbohydrates by
homo- or heterofermentation. They can be sub-
divided into seven genera: Diplococcus, Strep-
tococcus, Peptostreptococcus, Lactobacillus,
Leuconostoc, Pediococcus, and Bifidobacte-
rium.

Genus Diplococcus. The chemical composi-
tion of the cell walls of Diploccus pneumoniae
has been studied by several groups. In particu-
lar the composition and structure of the anti-
genic C-polysaccharide were determined in de-
tail (53, 54, 124, 223, 263). The C-polysaccharide
is a choline-containing teichoic acid and repre-
sents a major structural component of the cell
wall. Little, however, is known about the struc-
ture of the peptidoglycan. A tentative model
was proposed by Mosser and Tomasz (263).
They assumed that the peptide subunits are
cross-linked by polymerized peptide subunits
(subgroup A2) as in the peptidoglycan of M.
luteus but there is yet no proof.

Genus Streptococcus. Physiological and im-
munological tests have usually been applied for
the classification of streptococci at the sub-
group and species level. The so-called group
(Lancefield groups A-S) and type antigens can
be detected by agglutination tests with whole
cells or precipitin reactions with extracted

TaBLE 19. Grouping of the family Micrococcaceae according to the GC ratios and peptidoglycan types

Genus Typical species or strain coﬁ?eg to Peptidoglycan type
Micrococcus M. roseus, M. varians 69-73 L-Lys-L-Ala,.,
Micrococcus M. luteus 70-75 L-Lys-peptide subunit
Not defined M. conglomeratus 70-72 m-Dpm-p-Glu,

Not defined M. nishinomiyaensis CCM 2140 63-67 L-Lys-L-Ser,.,-p-Glu

M. cyaneus CCM 856
Not defined M. luteus ATCC 398 66 L-Lys-Gly-L-Glu
Not defined M. freudenreichii ATCC 407 59 L-Lys-L-Ala-L-Glu
Halococcus M. morrhuae 57-61 No peptidoglycan
Not defined M. mucilaginosus 56-60 L-Lys-L-Ala(Gly or L-Ser)
Not defined Sarcina oliva CCM 250 54.2 L-Lys-L-Ser-L-Ala,
Not defined Micrococcus spp. CCM 168 and 1405 49.3 L-Lys-Gly,-L-Ala
Planococcus Planococcus sp. 40-50 L-Lys-p-Glu
Sporosarcina Sporosarcina ureae 45 L-Lys-Gly-p-Glu
Not defined M. cryophilus CCM 900 41 m-Dpm-direct
Aerococcus A. viridans 35-43 L-Lys-direct
Staphylococcus | S.aureus 30-35 L-Lys-Gly;.¢

S. epidermidis L-Lys-1-Ala-Gly,, L-Lys-Gly,,

L-Serg 515

Sarcina S. ventriculi 28-30 L, L-Dpm-Gly

¢ According to Kocur et al. (203).
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antigens. These immunological tests are based
on the presence of specific chemical structures
on or in the outermost surface layers of the cell
(207). Thus, the traditional classification of the
streptococci employs indirectly the differences
in the chemical structure of the cell wall as a
distinguishing feature. Studies on the amino
acid composition and amino acid sequence of
streptococcal peptidoglycans have revealed 12
different types. The distribution of these pep-
tidoglycan types in the genus Streptococcus is
compiled in Table 20. Most of the peptidogly-
cans found in streptococci belong to variation
A3x with L-Lys in position 3 of the peptide
subunit and interpeptide bridges consisting of
monocarboxylic L-amino acids or glycine, or
both. A few of the streptococci contain a
peptidoglycan cross-linked by a dicarboxylic
amino acid (variation A4x) and that of others is
directly cross-linked (variation Alx).

A large number of different streptococci con-
tain a peptidoglycan cross-linked by interpep-
tide bridges consisting of L-alanyl oligopep-
tides. The length of these chains varies from one
to four alanine residues. These types of pep-
tidoglycan have been found in streptococci
belonging to groups A, A-variant, C, C-variant,
D (S. faecalis), E,F, G, H, K,L,M, P, U,and S.
thermophilus.

In a few other species one of the Ala residues
of the interpeptide bridge is replaced by L-Ser
or Gly. The peptidoglycans of S. agalacticae
(group B), of one strain of group K, and of one
strain of group C contain in part L-Ser residues
instead of L-Ala residues in the interpeptide
bridge. In Streptococcus sp. of group L and S.
viridans IV, one L-Ala residue is replaced by a
Gly residue. Several types of peptidoglycans
occurring among streptococci reveal as an addi-
tional amino acid L-Thr which is bound to the
e-amino group of L-Lys. The complete inter-
peptide bridges consist of dipeptides which
contain, besides L-Thr, the amino acids Gly,
L-Ala, or L-Ala/L-Ser. The strains of S. mutans
and some strains of S. equinus show the pep-
tidoglycan type Lys-L-Thr-L-Ala (Fig. 19a).
This type was first described by Schleifer and
Kandler (336) for a Streptococcus which was
most probably wrongly delineated as S. cremo-
ris (Hladny, Ph.D. thesis, Technical University,
Munich, 1971). Almost the same type was found
in S. bovis (179), in some strains of S. equinus,
and in a strain of S. milleri (14a); the only
difference is that some of the Ala residues in the
interpeptide bridges are replaced by Ser. In one
strain of S. equinus, in two strains of S. milleri,
and in S. salivarius II (not reacting with an-
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tiserum against group K), the interpeptide
bridges consist of Gly-L-Thr peptides (Fig. 19b;
141a).

The L-Lys-p-Asp type is found in S. faeci-
um, Streptococcus sp. (group Q), S. lactis, and
S. cremoris (group N).

The directly cross-linked peptidoglycan
(Ala) occurs among strains of groups K, O, R,
and S. viridans I, II, and IV.

From a comparison of the serological group-
ing and the occurrence of peptidoglycan types,
it is evident that most of the serological groups
belong to one type of peptidoglycan, the only
exceptions being groups D and K. Group D is a
very heterogeneous group and the analysis of
the peptidoglycan confirmed the separation of
this group, on the basis of physiological tests
(87), into five different species. By determining
the qualitative amino acid composition of the
cell walls, it is easily possible to distinguish
between S. faecalis and S. faecium (175) and
also between these two species on the one hand
and S. bovis and S. equinus on the other hand.

Strains of S. salivarius and other Streptococ-
cus spp. belonging to group K can be distin-
guished not only by their peptidoglycan types
but also by their ability to form levan as seen in
Table 21. It is likely that group K will have to be
subdivided into several species like group D,
but many more strains need to be studied.

S. sanguis I and S. sanguis II can be separated
according to their reactions with antiserum to
group H and their physiological and different
cell wall compositions. It was suggested that S.
sanguis II should be separated from S. sanguis I
and reclassified as S. pseudosanguis (Hladny,
Ph.D. thesis, Technical University, Munich,
1971). Most of the strains of S. viridans reveal
the directly cross-linked, L-Lys-containing
peptidoglycan type. Only the strain of S. viri-
dans IV is different. This suggests that it may
be necessary to study more strains of S. viridans
to establish this distinction between S. viridans
IV and the other streptococci of the viridans
group.

The grouping of streptococci according to
peptidoglycan types can shed some light on the
relationships among various species or serologi-
cal groups. A closely related cluster may be
formed by S. pyogenes (group A), S. equisimilis
(group C), and Streptococcus sp. (group G).
They behave almost identically in their physio-
logical properties and in their human pathoge-
nicity, and they also contain quite similar
peptidoglycan types (Table 22). A similar rela-
tionship can be observed between S. uberis
(group E), Streptococcus sp. (group P), and
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TasLE 20. Distribution of peptidoglycan types (variations A3a and A4a) in the genus Streptococcus

Sero-

. . No. of Culture collection® Type of .
Species logical strains strain no. peptidoglycan Fig. Reference
group
S. pyogenes A 43 |Kiel 314, 4875,25879 | L-Lys-L-Ala,., 19a | 75, 137, 140, 159, 207, 208,
246, 266, 358; Hladny
and Kandler®
- A variant 3 L-Lys-L-Ala,., 19a | 38, 184, 207; Schleifer,
unpublished
S. agalacticae B 6 |Kiel 13164, 25885, 25886 | L-Lys-L-Ala, (L-Ser) 19b 75, 184, 358; Hladny and
Kandler
S. zooepidemi- C Kiel 1300, 26176 75, 207, 209, 246; Hladny
cum and Kandler
S. equi C Kiel 69, 21352
S. dysgalactiae C 14 | Kiel 2200, 25922 L-Lys-L-Ala,., 19a
S. equisimilis C Kiel 39, 25903, 26193
C variant 1 184
S. faecalis D 34 |22 ATCC strains, 12 | L-Lys-L-Ala,., 19a | 75, 154, 155, 175, 326, 327;
strains from Kiel Hiadny and Kandler®
S. faecium D 22 6 ATCC strains, 16 | L-Lys-p-Asp 9 109, 153, 155, 175, 391
streins from Kiel
S. faecium var. D 5 |3 ATCC strains L-Lys-p-Asp 9 |175
durans
S. bovis D 5 | Kiel 25793, 25794 L-Lys-L-Thr-L-Ala (L-Ser) | 20a | 179, 141a
S. equinus D 10 L-Lys-L-Thr-L-Ala (L-Ser) | 20a | 141a
S. equinus D 1 L-Lys-L-Thr-Gly 20b | 141a
S. uberis E 4 |Kiel 13478, 21342 L-Lys-L-Ala,_, 13a 75, 7358; Hladny and
Kandler
Streptococcus sp. |F 5 Kiel 12678; NCTC 5389 | L-Lys-L-Ala,_, 19a 75, 184, 185; Hladny and
Kandler
Streptococcus sp. |G 5 |Kiel 20793 L-Lys-L-Ala,_, 19a 75, 184, 207, 358, Hladny
and Kandler
Streptococcus sp. |G 1 [Kiel 25926 L-Lys-L-Ala, (L-Ser) 19¢ | Hladny and Kandler
S. sanguis H 2 |Kiel 21384, 25835 L-Lys-L-Ala,., 19a | Hladny and Kandler
S. sanguis 11 2 |Kiel 25826, NCTC 7864 | L-Lys-direct 18 | Hladny and Kandler
(pseudosanguis)
Streptococcus sp. | K 2 Kiel 226, 13272 L-Lys-direct 18 | Hladny and Kandler
Streptococcus sp. | K 1 NCTC 10232 L-Lys-L-Alay(L-Ser) 19b | Hladny and Kandler
S. salivarius 1 K 1 Kiel 21372 L-Lys-L-Ala,., 19a | Hladny and Kandler
S. salivarius 11 2 Kiel 21367 L-Lys-L-Thr-Gly 20b | 141a
Streptococcus sp. | L 3 Kiel 8898, 13009, 13026 | L-Lys-L-Ala,., 19a | Hladny and Kandler
Streptococcus sp. | L 1 NCTC 3166 L-Lys-L-Ala-Gly 19d | Hladny and Kandler
S. lactis M 2 Kiel 25791, 25792 L-Lys-L-Ala, 4 19a | Hladny and Kandler
Streptococcus sp. | N 7 ATCC 7962 L-Lys-p-Asp 9 Hladny and Kandler, 337
Streptococcus sp. | O 2 NCTC 6119, 8029 L-Lys-direct 18 | Hladny and Kandler
Streptococcus sp. | P 1 Kiel 21361 L-Lys-L-Ala,., 13a | Hladny and Kandler
Streptococcus sp. | P 1 NCTC 9824 L-Lys-L-Ala,_, 19a | Hladny and Kandler
Streptococcus sp. | Q 2 L-Lys-p-Asp 9 358, Hladny and Kandler
Streptococcus sp. | R 1 NCTC 10234 L-Lys-direct 18 Hladny and Kandler
Streptococcus sp. | U 1 Kiel 7185 L-Lys-Ala,., 19a | Hladny and Kandler
S. milleri 1 Kiel 20205 L-Lys-L-Thr-L-Ala(L-Ser) | 20a | 14la
S. milleri 2 L-Lys-L-Thr-Gly 20b | l4la
S. mutans 2 Kiel 25859, 25861 L-Lys-L-Thr-L-Ala 20a | 14la

(Table 20 continued)
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TaBLe 20. Continued

Species | logienl | Yo-of | Colture collectont Cwpeat g Reference
group -
Streptococcus sp. 1 L-Lys-1-Ala,-Gly-L-Ala 19e | Hladny and Kandler
S. thermophilus 4 L-Lys-1-Ala,., 19a | 336
S. viridans 1: 11; 3 Kiel 104: 25836: 25818 L-Lys-direct 18 Hladny and Kandler
S.IL\'irid(ms v 1 Kiel 7733 L-Lys-1-Ala-Gly 19d | Hladny and Kandler

@ Only those numbers given by culture collections are mentioned. The other strains are own isolates or were obtained from
private collections and can be found in the corresponding references.
®.J. Hladny, and O. Kandler. Zentrabl. Bakteriol. Parasitenk. Infektionskr. Hvg. Abt. 1 Orig.. in press.
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Fic. 19. Fragments of the primarv structures of
threonine-containing peptidoglycans of streptococct
as listed in Tables 20 and 22. (a) L-Lys-L-Thr-L-
Ala( L-Ser); (b) L-Lys-L-Thr-Glv.

Streptococcus sp. (group U). The peptidoglycan
type L-Lys-L-Ala-Gly was found among strep-
tococci in one strain of group L and in S.
viridans IV only. These two strains reveal
identical physiological properties., and it is
suggested that they are members of the same
species (Hladny, Ph.D. thesis, Technical Uni-
versity, Munich, 1971).

The strains containing Thr residues in their
peptidoglycan also show several similar physio-
logical activities, especially S. bovis, S. milleri,
and S. equinus. Only S. salivarius 11 and S.
mutans differ, since they do not grow at 45 C,
show less resistance against bile, and do not
ferment mannitol and sorbitol.

Among the strains containing isoasparagine
in their peptidoglycan (Fig. 9; L-Lys-pD-Asp
type), one may distinguish two groups of more
closely related strains. The first group includes
S. faecium and S. avium (group Q) which are
quite similar in their physiological properties.
The other group consists of S. lactis and S.
cremoris, organisms which predominantly oc-
cur in milk or dairy products and which belong
to serological group N.

The directly cross-linked, 1.-Lys-containing

peptidoglycan is a rather rare type. It has only
been found in aerococci and some streptococci
up to now. Among the streptococci containing
this peptidoglycan type, there are two groups of
more closely related strains. Strains of Strep-
tococcus sp. (group R) and S. viridans I show a
broad spectrum of physiological activities and
contain rhamnose and little phosphorus in their
cell walls. Strains of groups K and O, S. sanguis
IL, and S. viridans Il and IV, on the other hand,
show fewer physiological activities and contain
no rhamnose but much more phosphorus in
their cell walls. A critical consideration of the
variation of the peptidoglycan within the genus
Streptococcus will certainly be very helpful for
a more rational subdivision of this genus into
species.

Genus Peptostreptococcus. The genus Pep-
tostreptococcus comprises anaerobic strep-
tococci, which may be pathogenic. Some spe-
cies are found as part of the normal bacterial
flora of respiratory and gastrointestinal tracts
(49). The classification of this group of bacteria
is considered to be unsatisfactory, because the
data on growth conditions and biochemical
activities are scarce. Little is also known about
the chemical composition of their cell walls.
Bahn et al. (30) have studied the chemical
composition of the cell walls of two strains of P.
putridus, two strains of P. intermedius, and one
strain of P. elsdenii. The strain of P. elsdenii
did not belong to the genus Peptostreptococcus
and was found to be a gram-negative organism.
The molar ratios of the main amino acids of the
cell walls of the other two species are listed in
Table 23. From these ratios it is suggested that
P. putridus contains a Lys-p-Asp peptidogly-
can type and the P. intermedius strains, a
Lys-L-Ala, type. A strain similar in its physio-
logical behavior to P. evolutus was isolated from
feces and its peptidoglycan type established
(339; Table 23). The cross-linkage of the pep-
tide subunits is performed by a Gly-i-Ala
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TasLE 21. Distinction of strains of Streptococcus sp. (serological group K) and strains of S. salivarius

Sero- Forma-

Species Strain no. logical Peptidoglycan type tion of

group levan
Streptococcus salivarius I .......... ... Kiel 21372 K L-Lys-L-Ala,_4 +
S.salivarius 1T ....................... Kiel 21367 L-Lys-L-Thr-Gly +
Streptococcussp. ..................... Kiel 226, 13272 K L-Lys-direct -
Streptococcussp. ..................... NCTC 10232 K L-Lys-L-Ala(L-Ser)-L-Ala -

TaBLE 22. Grouping of strains of streptococci according to their peptidoglycan types

Peptidoglycan type

Species or serological groups

L-Lys-L-Ala,_,
L-Lys-L-Ala,_4

S. thermophilus
L-Lys-L-Alag., ..................

L-Lys-L-Ala-L-Ala(L-Ser)

L-Lys-L-Ala,-L-Ala(L-Ser)
L-Lys-L-Ala-Gly ................
L-Lys-L-Thr-L-Ala ..............
L-Lys-L-Thr-L-Ala(L-Ser)
L-Lys-L-Thr-Gly
L-Lys-p-Asp

L-Lys-direct

Streptococcus sp. (groups F, G, and P)

S. pyogenes (group A), S. equisimilis, S. zooepidemicus, S. equi, S. dys-
galactiae (all group C), S. faecalis (group D), S. sanguis (group H),
S. salivarius (group K), Streptococcus sp. (groups F, L. M and U),

S. uberis (group E), Streptococcus sp. (group P)

S. agalactiae (group B), Streptococcus sp. (group K)

Streptococcus sp. (group G)

Streptococcus sp. (group L), S. viridans IV

S. equinus (group D), S. mutans

S. bovis, S. equinus (both group D), S. milleri

S. equinus (group D), S. salivarius 11

S. faecium, S. faecium var. durans (both group D), S. avium (group Q);
S. lactis and S. cremoris (both group N)

Streptococcus sp. (group R), S. viridans I, S. sp. (groups K and 0),
S. sanguis 11, S. viridans II and IV

TaBLE 23. Amino acid composition of the cell walls of Peptostreptococcus

Molar ratio of amino acids
Species Suggested peptidoglycan Fig. Reference
Glu Lys Ala Asp Gly
P.putridus ....... 1.0 0.8 1.6 0.8 L-Lys-Dp-Asp 9 30
P. intermedius ....| 1.0 1.1 4.0 L-Lys-L-Ala, 19a 30
P. evolutus ....... 1.0 1.1 2.8 1.0 L-Lys-L-Ala-Gly 19d 339

peptide (Fig. 20) as in some streptococci (vide
supra). These few data indicate a diversity of
peptidoglycan types similar to that found
within the genus Streptococcus.

Genus Lactobacillus. The genus Lactobacil-
lus is divided into four subgenera by using the
grouping of Orla-Jensen (277) but using his
genera as subgenera.

(i) All the strains of the subgenus Ther-
mobacterium contain the Lys-p-Asp type of
peptidoglycan (Table 24, Fig. 9) as described by
Kandler (168, 169). The structure of the cell
wall of one strain of L. acidophilus has been
studied in greater detail (65). Besides peptido-
glycan, a neutral and an anionic polysaccharide
are the main structural components of these
cell walls. The peptide subunits of the pep-
tidoglycan are cross-linked, as in the other
thermobacteria, by single p-isoasparaginyl res-

idues. All the muramic acid residues are pep-
tide substituted, and about 60 to 70% of them
carry O-acetyl substituents on C¢. The neutral
polysaccharide is composed of equimolar
amounts of glucose, galactose, and rhamnose
and is linked by phosphodiester groups to
muramic acid residues. The anionic polysac-
charide is a glycerophosphate-polyglucose. The
backbone is composed of a (o or 8) 1,6-linked
polyglucose polymer. Monomeric «-glycerol
phosphate side chains are attached to the
glucose residues on C? or C* position.

(ii) The subgenus Streptobacterium can be
subdivided into two groups based on the occur-
rence of the L-Lys-D-Asp and the direct cross-
linked m-Dpm type as shown in Table 25. The
latter type was found in L. plantarum and L.
inulinus and was described in detail by Weiss et
al. (406) and by Matsuda et al. (241, 242). With
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the exception of L. plantarum var. mobilis, all
strains of L. plantarum contain teichoic acid. In
one case the structure of the teichoic acid
(ribitol teichoic acid) has been elucidated (12).

—G-M-G-
L-Ala

D-Glu —+NH,
Y
L-Lys & L-Ala «—(L-Ala)e—(L-Ala)e——————a D-Ala

«E— L-Alg «—l-Ala (L-Ser) «—— b

«£— L-Ala «— L-Ala+— L-Ala(L-Ser) «—C

«f -Age+—Gly+—d

£ L-Ala +— L-Alge—Glye— L-Alae—¢e

D-Ala L-Lys

Fic. 20. Fragments of the primary structures of
peptidoglycans of streptococci as listed in Tables 20
and 22. Amino acids in parentheses may be absent or
may partially replace the corresponding amino acid.
(@) L-Lys-L-Ala,_s; (b) L-Lys-L-Ala-L-Ala( L-Ser); (c)
L-Lys-L-Ala,- L-Ala( L-Ser); (d) L-Lys-L-Ala-Gly; (e)
L-Lys-L-Ala,-Gly-L-Ala.
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The L-Lys-p-Asp type of peptidoglycan of L.
coryneformis was studied in detail by Plapp
and Kandler (303) and that of L. casei by
Hungerer et al. (151). In cell walls of L. casei
ssp. tolerans, a glycerol-containing teichoic acid
was found in large amounts.

The exclusion of L. plantarum from the

TABLE 24. Species and strains of the subgenus
Thermobacterium studied for their
peptidoglycan type®

. No. of ATCC®
Species strains no.

Lactobacillus bulgaricus . . . .. .. 6 11842
L. helveticus ................. 4 15009
L.jugurti .................... 3 521
L.lactis...................... 35 12315
L. acidophilus ................ 35 4356
L. salivarius ........... ... ... 2 11741
L. delbrickii ................. 1 11978
L. leichmannii ................ 1 4797
L. jenseniv ................... 1 25258

¢ All contain the L-Lys-p-Asp type (variation A4a,
Fig. 9).
®See footnote a in Table 20.

TaBLe 25. Distribution of peptidoglycan types within the subgenera Streptobacterium and
Sporolactobacillus (variations Ala and Alvy)

Species sljr(;igi AT]E.CG Type Fg. Reference
Lactobacillus casei ssp. casei .. .. 10 393 L-Lys-D-Asp 9 168, 169
L.casei ....................... !
ssp. pseudoplantarum® .. .. ... 5 L-Lys-D-Asp 9 168
ssp.rhamnosus ............... 2 7469 L-Lys-D-Asp 9 168
ssp. tolerans® 2 L-Lys-D-Asp 9 168
ssp. fusiformis® .............. 3 L-Lys-D-Asp 9 |169
L.sake ....................... 1 15521 L-Lys-p-Asp 9 168, 169
L. coryneformis ................
ssp. coryneformis® ........... 4 L-Lys-p-Asp 9 | 168, 169, 303, 304
ssp. torquens® ............... 2 L-Lys-p-Asp 9 168, 169
L. curvatus® .................. 4 L-Lys-p-Asp 9 168, 169
L.xylosus ..................... 1 155717 L-Lys-p-Asp 9 Kandler, unpub-
lished data
L. zeae 1 15820 L-Lys-p-Asp 9 Kandler, unpub-
lished data
L. plantarum
ssp. plantarum 80 8014 m-Dpm-direct 6 168, 169, 406
ssp. arabinosus 40 10012 m-Dpm-direct 6 168, 169, 406
ssp. rudensis 1 13649 m-Dpm-direct 6 Kandler, unpub-
lished data
var. mobilis® 3 m-Dpm-direct 6 168, 169, 406
L. inulinus 1 15538 m-Dpm-direct 6 168, 169, 406

2See footnote a in Table 20.

Isolated and described by Abo-Elnaga and Kandler (1).

¢Isolated and described by Eschenbecher (100).

4Isolated and described by Harrison and Hansen (135).
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subgenus Streptobacterium was proposed by
Kandler (168, 169). It seems feasible to put it
with L. inulinus in a separate subgenus
Sporolactobacillus (194) which is characterized
by showing some properties of the genus Bacil-
lus, i.e., type of peptidoglycan and teichoic
acid, and in some cases nitrate reduction,
motility, and sporulation. This subgenus would
be distinguished from the genus Bacillus by the
absence of cytochromes, and these organisms
are therefore not able to carry out a true
oxidative metabolism.

(iii) The types of peptidoglycans found in
species of the subgenus Betabacterium are
listed in Table 26. The predominant type is
again the Lys-D-Asp type, but especially the
recently described species show considerable
variations in the interpeptide bridge. In the
peptidoglycans of L. fermentum and L. cello-
biosus, L-Lys residues are replaced by r-Orn
residues (301, 302, 422). Both species possess
identical GC content and electrophoretically
identical lactic acid dehydrogenases (103). It
seems feasible that they should be united in one
species. They may be distinguished as subspe-
cies on the basis of the fermentation pattern.
Table 26 contains some other strains called L.
fermentum which contain L-Lys in their pep-
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tidoglycan. As shown in our laboratory these
strains do not belong to L. fermentum. Strain
ATCC 9338 is identical with L. brevis accord-
ing to the spectrum of fermented sugars and
the electrophoretic mobility of the lactic acid
dehydrogenase. (In an earlier publication
[169] it was reported that L. fermentum ATCC
14931 contained a peptidoglycan of L-Lys-D-
Asp type. This was due to a clerical error; the
correct number of the strain studied is ATCC
9338. The other five strains mentioned in the
same publication were similar to ATCC 23272
were isolated from manure. Unfortunately,
none of the genuine L. fermentum strains in-
vestigated by Williams and Sadler [422] was
included in these studies.)

Strain L. fermentum ATCC 23272 (Reuter
type II) differs from strain ATCC 14931 (type
strain) as well as from L. brevis with respect to
the GC content, sugar fermentation, and elec-
trophoretic mobility of the lactic acid dehy-
drogenases. It should be considered as a sepa-
rate species, not yet described.

The recently described species L. viridescens
(170, 174, 273) and L. coprophilus (144, 169, 304)
show different peptidoglycan types. The inter-
peptide bridges do not consist of p-isoasparagi-
nyl residues but of L-Ala-L-Ala-L-Ser, L-Ser-

TaBLE 26. Distribution of peptidoglycan types within the subgenus Betabacterium

Species sr:r(:izt; AES'C Type Fig. Reference
Lactobacillus fermentum ... 1 23272 L-Lys-p-Asp 9 Kandler, unpub-
lished data
L. fermentum ............. 1 9338 L-Lys-D-Asp 9 168, 169
L. cellobiosus .............. 4 11739 L-Orn-p-Asp 9, with Orn 169, 303
instead
of L-Lys
L. fermentum ............| 1 11740 L-Orn-p-Asp 9, with Orn 422
L. fermentum ............]| 1 14931 L-Orn-p-Asp instead 422
of L-Lys
L. fermentum ............ 1 14932 L-Orn-p-Asp 9, with Orn 422
instead
of L-Lys
L.brevis .................. 10 14869 L-Lys-D-Asp 9 168, 169
L.buchneri ................ 1 4005 L-Lys-p-Asp 9 168, 169
L. fructovorans ...........| 1 8288 L-Lys-p-Asp 9 168, 169
L. malefermentans . . ....... 1 11306 L-Lys-p-Asp 9 168, 169
L. pastorianus ............. 1 8291 L-Lys-p-Asp 9 168, 169
L.parvus ................. 1 11305 L-Lys-D-Asp 9 168, 169
L.frigidus ................. 1 11307 L-Lys-p-Asp 9 168, 169
L.hilgardii ................ 1 8290 L-Lys-p-Asp 9 168, 169
L. viridescens
ssp. viridescens .......... 6 12706 L-Lys-L-Ala-L-Ser 21a 169, 174
SSp.minor ............... 4 L-Lys-L-Ser-L-Ala, 21b 168, 169
L. coprophilus
ssp. coprophilus . ......... 3 L-Lys-L-Ala, 21c 144, 169
ssp. confusus ............ 14 10881 L-Lys-Ala 21c 168, 169

2See footnote a in Table 20.
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L-Ala, L-Ala-L-Ala, or L-Ala. The amino acid
compositions of the interpeptide bridges of the
two subspecies of L. viridescens (170) are quite
similar but the amino acid sequences are re-
versed (Fig. 21a and b). Thus the differences in
the peptidoglycan structure confirm the separa-
tion of these two subspecies which was origi-
nally based on physiological and morphological
evidence.

The two subspecies of L. coprophilus are
distinguished by the number of alanine residues
in the interpeptide bridge and by the ability of
one to form dextran (144). Although the pep-
tidoglycan type is quite similar to that of
Leuconostoc (vide infra), both subspecies be-
long to the subgenus Betabacterium since they
produce p,L-lactic acid and split arginine.

L. coprophilus and L. viridescens form, in
contrast to other species of the genus Betabac-
terium, irregular rods, and in particular both
subspecies of L. coprophilus, and L. viridescens
ssp. minor can easily be confused with Leuco-
nostoc. They may constitute an intermediary
group between the genera Leuconostoc and
Betabacterium. Williams and Sadler (422) re-
port the occurrence of Gly in cell walls of some
strains of heterofermentative lactobacilli.
These cell walls were reinvestigated in our
laboratory by quantitative amino acid analysis
and by determining the peptide pattern of
partial acid hydrolysates. It could be shown
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that these cell walls were contaminated by
protein. The real amino acid composition of the
peptidoglycan of the strains mentioned by
Williams and Sadler (422) is in agreement with
the data given in Table 26.

Genus Leuconostoc. The genus Leuconostoc
was classified according to Garvie (104, 106)
and Whittenbury (417). The peptidoglycan
types of the different species are listed in Table
217.

The majority of the strains contain a pep-
tidoglycan of the Lys-L-Ser-L-Ala type. The
remainder of the strains reveal di-L-Ala, L-Ser-
Ala, or L-Ser-L-Ser peptides as interpeptide
bridges. The correlation of the peptidoglycan
type with the present grouping of the strains

-6-M-G—
|

L- Ala

D-Glu —NH,
1Y

L-Lys «——=— L-Ala(L-Ser) «— L-Ser «——————a D-Ala
1
& |-Sere—— L-Ala+— L-Ala——0b
—E&  -Alo #¥——(L-Alg)+——C
D-Ala L-Lys

Fic. 21. Fragments of the primary structures of
peptidoglycans of lactobacilli and leuconostocs. (a)
L-Lys- L-Ala( L-Ser)- L-Ser; (b) L-Lys-L-Ser-L-Ala,;
(¢) L-Lys-L-Ala,,.

TasLe 27. Distribution of peptidoglycan types within the genus Leuconostoc

Species str:izi ATCC or NCDO*® no. Type Fig. | Reference
Leuconostoc cremoris ....| 8 | NCDO 828 L-Lys-L-Ser-L-Ala, 21b [169
L. lactis ................ 8 | NCDO 533, 546 L-Lys-L-Ser-r-Ala, plus | 21b |169
L-Lys-L-Ala, 21c
L. paramesenteroides ssp.
ssp. paramesenteroides| 2 | NCDO 803, 883 L-Lys-L-Ala, 21c |169
ssp. lactophilum . .. ... 5 L-Lys-L-Ser-L-Ala, 21b (169
L. gracile (syn. L. oenos) .| 23 | NCDO 1668, 1669, 1674, 1675, | L-Lys-L-Ala-L-Ser plus |2la [169
1694, 1696, 1705, 1707, 1823, | L-Lys-L-Ser-L-Ser 21a
1890, 1893
L. dextranicum . ....... 1 | NCDO517 L-Lys-L-Ser-L-Ala, 21b |169
L. mesenteroides
ssp. mesenteroides .. 18 | NCDO 183, 523, 538; ATCC | L-Lys-L-Ser-L-Ala, 21b 189, 174
8082, 8086, 8293, 8357,
8359, 9135, 10830, 10830a,
10878, 12291, 14430, 14935
ssp. amelibiosus ....| 4 | ATCC 13146, 10882, 10883, | L-Lys-L-Ala, 21c {169
11449

2See footnote a in Table 20.



VoL. 36, 1972

into species was only perfect in the case of L.
cremoris. Each of the other species show two
different types of peptidoglycan. Strains of
both species L. paramesenteroides and L.
mesenteroides, which differ in their peptido-
glycan, can also be distinguished by their fer-
mentation pattern; therefore new subspecies
of these species were proposed (Holzapfel,
Ph.D. thesis, Technical University, Munich
1969).

L. 5racile (Syn. L. oenos, Garvie, 105) is an
unusual species, only isolated from wine. It is
characterized by its ability to grow at low pH
and to form peroxide and by its inability to
produce dextran. All strains investigated so far
belong to the peptidoglycan types Lys-L-Ala-
L-Ser or Lys-L-Ser,. In most of the strains the
majority of the interpeptide bridges are formed
by L-Ser-L-Ala and the minority by L-Ser-L-Ser.
Only in a few strains is the L-Ser, interpeptide
bridge the predominant one. The ratio of both
types of interpeptide bridges is genetically
determined since a variation of the Ser or Ala
content of the growth medium did not change
the ratio of the two interpeptide bridges sig-
nificantly (169).

Genus Pediococcus. All the strains of the
genus Pediococcus (P. cerevisiae, P. acidolac-
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tici, P. pentosaceus) contain the Lys-D-Asp
peptidoglycan type (169, 416). The occurrence
of aspartic acid in the cell wall hydrolysate is an
important criterion to separate Pediococcus
from Leuconostoc and Aerococcus, since no
strain of the latter genera contains Asp in its
peptidoglycan.

Genus Bifidobacterium. The genus Bifido-
bacterium is distinguished by its characteristic
fermentation pattern. Only those anaerobic
strains forming acetic acid and lactic acid
(about 3:2), but no CO,, are considered to be
bifidobacteria (90, 328). For the grouping of the
strains into species, the classification schemes
of Reuter (314) and Scardovi et al. (331) were
used (Table 28). There is a rather good correla-
tion between the type of peptidoglycan and the
defined species (169, Table 28). B. bifidum
contains the peptidoglycan type. L-Orn-p-Ser-
D-Asp as described in detail by Koch et al.
(199) and Veerkamp (395). The Lys-Gly type
was first described for Bacillus constellatus
(176). This organism is a Bifidobacterium, and
such strains are now classified as B. asteroides
(329). The same peptidoglycan type was also
found in B. infantes, B. breve, and B. parvu-
lorum.

A very complex interpeptide bridge (L-Orn-

TaBLE 28. Distribution of peptidoglycan types within the genus Bifidobacterium

Species SIj:;'igg ATCC no.® Type Vtai::' Fig. Reference
B. infantis .......... 6 | 15697 L-Lys-Gly A3a | 23 169
B. breve ............ 4 | 15700, 15701 L-Lys-Gly A3a | 23 169
B. asteroides® . ....... 1 L-Lys-Gly A3a | 22 169, 176
B. globosum?® ... .. ... 6 L-Orn(Lys)-L-Ala, A38 | 22¢ | 169
B. parvulorum . . ... .. 1 | 15698 L-Lys-Gly A3a | 23 Kandler,
unpublished data
B. lactentis ....... ... 1 L-Orn-L-Ser-L-Ala-L- A3B | 22b | 169, 200
Thr-L-Ala
B.longum ........... 20 | 15707, 15708 L-Orn-L-Ser-L-Ala-L- A3B | 22b | 169, 200
Thr-1-Ala
B. suis® ............. 1 L-Orn-L-Ser-L-Ala-L- A3B8 | 22b | 169
Thr-1-Ala
B.ruminale® ...... ... 4 L-Lys-p-Glu Ad4a | 17a | Lauer and Kandler,
unpublished data
B. thermophilum . . . .. 4 | 25525 L-Lys-b-Glu Ada | 17a | Lauer and Kandler,
unpublished data
B. indicum® ..... .. .. 1 L-Lys-p-Asp Ada | 9 Lauer and Kandler,
unpublished data
B. coryneforme® . . . ... 1 L-Lys-p-Asp Ada| 9 Lauer and Kandler,
unpublished data
B.eriksonii .......... 1 | 15423 L-Lys-p-Asp Ada| 9 Lauer and Kandler,
unpublished data
B. bifidum .......... 9 | 11863 L-Orn-p-Ser-p-Asp A48 | 22a | 169, 199
B. adolescentis .. . ... 15 | 15704/05/06 L-Orn(Lys)-p-Asp AdB| 9 169
2 L-Lys-L-Ser-L-Ala, A3a | 21b | 169

2 See footnote a in Table 20.
® Obtained from Dr. Scardovi, Piacenza, Italy.
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-G-M-G-
L-Ala
D-Glu—s NH,
Y
L-0Orn o D-Sevi— D-Asp+e—————————— 0 D-Al
b - Sere— L-Alae— L-Thre—L-Alge—— b
- L-Alg «+— L-Alge— L-Alge———— C
D-Ala L-0rn

Fic. 22. Fragments of the primary structures of
ornithine-containing peptidoglycans of bifidobacteria
(A38 and A4pB). (a) L-Orn-bp-Ser-D-Asp; (b)
L-Orn-L-Ser-L-Ala- L-Thr-L-Ala; (¢) L-Orn-L-Ala,.

L-Ser-L-Ala-L-Thr-1-Ala) is typical for the pep-
tidoglycan of B. longum (Fig. 22b, 200). It was
also detected in one strain of B. lactentis and
B. suis.

Strains of B. adolescentis contain either the
Lys-L-Ser-L-Ala, type which is found in many
strains of Leuconostoc or the L-Orn-(L-Lys)-b-
Asp type which is typical for most of the lacto-
bacilli. The latter type, however, differs from
that of lactobacilli, since L-Orn and L-Lys are
both present in varying amounts in the same
peptidoglycan. The ratio of Orn/Lys varies
with different strains of B. adolescentis, but is
not influenced by exogenous addition of Lys or
Orn.

A similarly varying ratio of Lys and Orn was
found in strains isolated from the rumen of the
sheep (145). These strains were recently de-
scribed as a new species B. globosum (330). The
interpeptide bridge here consists of a tri-L-ala-
nine peptide (Fig. 22c).

B. indicum and B. coryneforme contain the
L-Lys-D-Asp type as do many strains of lac-
tobacilli and some streptococci. The peptide
subunits of the peptidoglycans of B. ruminale
and B. thermophilum are also cross-linked by a
p-dicarboxylic amino acid, namely p-Glu as in
the genus Planococcus (340, Fig. 18a). These
two species are most likely identical.

Family Bacillaceae. This group of spore-
forming, gram-positive rods is subdivided into
two genera: the aerobic or microaerophilic
strains are included in the genus Bacillus, the
anaerobic organisms in the genus Clostridium.

Genus Bacillus. The vast majority of the
strains of the genus Bacillus belong to the same
peptidoglycan type, namely the directly cross-
linked m-Dpm type (Al«, Fig. 6). The species
showing this type are listed in Table 29. The
peptidoglycan of a few of these species have
been studied in greater detail (Fig. 23). The
exact structure of B. megaterium KM was
established by Bricas et al. (50), that of B.
licheniformis by Hughes (146, 147), and that of
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B. subtilis by Warth and Strominger (402). H.
Ranftl in our laboratory (H. Ranftl, Ph.D.
thesis, Technical University, Munich, 1972)
has also studied in detail a large number of cell
walls of various bacilli. Despite the similarity in
the primary structure of their peptidoglycan,
there are differences in the amidation of car-
boxyl groups, the degree of cross-linkage, the
chain length of peptide subunits, and the occur-
rence of p,n-Dpm besides m-Dpm. Most of
the bacilli contain only one amide group in the
peptidoglycan; either the a-carboxyl group of
pD-Glu can be amidated as in the case of B.
licheniformis (254) or the carboxyl group of
m-Dpm which is not involved in a peptide bond
is amidated as in the case of B. subtilis (402).
Some bacilli have no amide group at all, e.g., B.
megaterium (50), B. lentus, and B. firmus (H.
Ranftl, Ph.D. thesis, Technical University, Mu-
nich, 1972). In the peptidoglycan of B. megate-
rium, besides m-Dpm residues, b,p-Dpm resi-
dues were also found (50). The b,p-Dpm
residues seemed to be involved in another mode
of cross-linkage (370). The p,p-Dpm residues
may replace a p-Ala residue by a transpeptida-
tion reaction at the C terminus of a peptide
subunit and can connect with an adjacent
peptide subunit so that a cross-linkage is
formed between an amino group of p,p-Dpm
and a carboxyl group of a p-Ala residue.

The peptide subunits usually consist of tetra-
or tripeptides and, sometimes pentapeptides
can also occur. The ratio of tetra- to tripeptides
can vary from strain to strain. A high content of
tripeptides is paralleled by a low degree of
cross-linkage. These different variations of the
directly cross-linked, m-Dpm-containing pep-
tidoglycan may be characteristic for the various
species, but it is still too early for a taxonomic
evaluation. Another helpful feature for the
grouping of bacilli may be the composition of
the polysaccharide and teichoic acid polymers
of the cell walls. Very often glycerol-containing
teichoic acids are found in cell walls of bacilli
(H. Ranftl, Ph.D. thesis, Technical University,
Munich, 1972), whereas ribitol teichoic acids
are rather uncommon and have been detected
as yet only in B. subtilis (20, 21). Teichuronic
acid was found in B. licheniformis (148). Be-
sides these anionic polymers, neutral polysac-
charides also occur which can be composed of
amino sugars such as glucosamine, galactosa-
mine, or mannosamine, or all three, and other
sugars such as glucose, galactose, or mannose,
or all three.

A few unique bacilli characterized by the
production of spherical endospores have a dif-
ferent type of peptidoglycan. B. sphaericus
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TaBLE 29. Distribution of directly cross-linked, meso-Dpm containing peptidoglycan (Al a) in the genus
Bacillus®
Species sl:‘:;i::ts Culture collections strain no.® Reference

Bacillusalvei .................... 4 ATCC 6344, 6348, 6349, 10871 Ranftl®

B.aminovorans ................ .. 1 ATCC 7046 Ranftl

B. aneurinolyticus ............... 1 ATCC 12856 Ranftl

B.anthracis ..................... 1 Fort Detrick V,B-189 312

B. aporrheus .................... 1 ATCC 9500 Ranftl

B.badius ....................... 1 ATCC 14574 Ranftl

B.brevis ........................ 1 ATCC 8246 Ranftl

B.cereus ........................ 6 ATCC 11778, 13824, 14579 Ranftl, 9, 327

B. cereus ssp. mycoides . .. ........ 2 ATCC 6462 Ranftl

B.circulans ..................... 1 ATCC 9966 Ranftl

B. coagulans .................... 3 ATCC 7050, 10545 Ranftl, 101a

B.firmus ....................... 1 ATCC 8247 ' Ranftl

B. freudenreichii ............... .. 1 ATCC 7053 Ranftl

B. lactimorbus ................... 1 ATCC 246 Ranftl

B. laterosporus .................. 2 ATCC 64 Ranftl

B. lentimorbus .................. 1 ATCC 14707 Ranftl

B.lentus ........................ 1 Ranftl

B. licheniformis ................. 3 ATCC 14580, NCTC 6346 146, 147

B.macerans ..................... 2 ATCC 843, 8244 Ranftl

B. megaterium ................ .. 2 ATCC 10778 Ranftl, 50, 327

B.natto ........................ 1 ATCC 15245 Ranftl

B. palustris ..................... 1 ATCC 15518 Ranftl

B. pantothenticus ................ 1 ATCC 14576 Ranftl

B. polymyxa .................... 1 ATCC 10401 Ranftl

B. pulvifaciens .................. 1 ATCC 13537 Ranftl

B.pumilis ...................... 3 ATCC 7061, NCTC 6353 Ranftl, 327

B. serositidis .................... 1 ATCC 7063 Ranftl

B. stearothermophilus ............ 5 ATCC 7953 Ranftl, 101a, 327, 374

B.subtilis . ...................... 6 ATCC 6051 Ranftl, 327, 402, 430,
431

B. subtilis var. aterrimus . ......... 1 ATCC 7060 Ranftl

B. subtilis var. niger .............. 1 ATCC 9372 Ranftl

B. thiaminolyticus ............... 1 ATCC 11376 Ranftl

B. thuringiensis .................. 3 ATCC 10792 Ranftl, 193

2 For primary structure see Fig. 6.
® See footnote a in Table 20.

¢ H. Ranftl, Ph.D. thesis, Technical University, Munich, 1972.

-G-M-G-
L-Ala
D-Glu — NH,
Y
L- Lys «&— Glye— D-Ala
)
D-Ala L—=Llys

F1c. 23. Fragment of the primary structure of
peptidoglycans of B. infantis, B. breve, and B.
asteroides and some coryneform organisms (A3a).
L-Lys-Gly.

contains m-Dpm in its spores but its vegetative
cell walls contain Lys and Asp (306). The
primary structure of the vegetative peptidogly-
can is very similar to that of lactobacilli (Fig. 9).
It differs only in the absence of C-terminal
p-alanine residues and of amidated a-carboxyl
groups of p-Glu (150).

B. pasteurii is distinguished from other ba-
cilli not only by the production of spherical
endospores but also by its ability to metabolize
urea, a physiological property which it has in
common with Sporosarcina ureae. As men-
tioned above, the peptidoglycan types of these
organisms are also quite similar.

To date the peptidoglycans of three strains of
B. pasteurii have been studied in detail (H.
Ranftl and O. Kandler, Z. Naturforsch., in
press). The structure of strain ATCC 6453 is
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depicted in Fig. 24b. The interpeptide bridge
consists of 8-p-Asp-L-Ala.

Strain ATCC 11859, called B. pasteurii,
shows the same peptidoglycan type as B.
sphaericus and is most likely a urease-produc-
ing B. sphaericus. A third strain (own isolate)
contains a (-D-Asp-1-Ser interpeptide bridge.
Some of the L-Ser residues are replaced by
L-Ala. Although more strains of both species
need to be investigated, the peptidoglycan
type is most likely a good criterion to distin-
guish B. pasteurii from B. sphaericus.

Genus Clostridium. The cell wall composi-
tion of these anaerobic spore-forming organisms
of the genus Clostridium was studied primarily
by Cummins and co-workers (61, 73, 77). They
determined qualitatively the sugar and amino
acid composition of the cell walls of various
clostridia. There are also a few studies on the
quantitative amino acid composition (221, 296,
376). All the available data on the amino acid
composition of the cell walls of clostridia are
compiled in Table 30.

Most of the species investigated contain only
m-Dpm, Ala, and Glu. Unpublished studies
from our laboratory on cell walls of C. butyri-
cum have shown that the peptidoglycan of this
organism belongs to the directly cross-linked,
m-Dpm-containing type (Aly). The other m-
Dpm-containing peptidoglycans of the genus
Clostridium presumably show the same type.

Four different species reveal (instead of m-
Dpm) r,L-Dpm and, in addition, Gly in their
cell walls. The primary structure of the pep-
tidoglycan of C. perfringens was established by
Leyh-Bouille et al. (221). This species shows
the same peptidoglycan type as that described
before for Propionibacterium petersonii and
some Streptomyces sp. (Fig. 15a). The three
other species C. fallax, C. pectinovorum, and C.
pseudofallax probably belong to the same type.

The species C. innocuum, C. paraputrificum,
and C. tertium contain L-Lys instead of Dpm
in their vegetative cell walls. Since no detailed
studies are available, the peptidoglycan type of
these species is unknown. C. innocuum has
probably been misclassified in the genus Clos-
tridium, since it differs not only in the amino
acid composition of its cell walls but also in its
GC content (43%) from the other strains of
clostridia (GC content, 22-28%) (77).

The status of the other clostridia which
contain no Dpm is uncertain despite their
rather low GC content (24-27%) which is in
good agreement with that of the other members
of the genus clostridia. Further studies are
necessary to clarify the taxonomic position of
these organisms.
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The peptidoglycans within the genus Clos-
tridium, as in the genus Bacillus, are rather
uniform. Most of the clostridia contain the
directly cross-linked m-Dpm peptidoglycan
type (variation Alwy), but a few species are
distinguished by the occurrence of the
L,L-Dpm-Gly type. The occurrence of other
peptidoglycan types in strains called - Clos-
tridium can be taken as an indication that these
organisms may be improperly classified.

The determination of the structure of the
polysaccharides of the cell walls of clostridia
may be a useful tool for characterization of
species and infraspecific taxa within the genus.
Cummins and Johnson (77) had already
achieved some separation by means of a quali-
tative determination of the sugar composition
in the cell walls.

Family Corynebacteriaceae. The family
Corynebacteriaceae is characterized by irregu-
lar rod-shaped cells which usually occur in
angular or palisade formation due to snapping
division. Moreover, a marked diversity in mor-
phology and a vegetative life cycle are often
found. According to the 7th edition of Bergey’s
Manual (49), the family Corynebacteriaceae
comprises six different genera: Corynebacte-
rium, Arthrobacter, Microbacterium, Cel-
lulomonas, Listeria, and Erysipelothrix. More
recent studies have shown that almost all of the
organisms included in the family Brevibac-
teriaceae are also typical coryneform bacteria
(161, 264, 332; Cziharz, Diplom Thesis, Techni-
cal University, Munich, 1969). Therefore, the
organisms classified in the family Brevibac-
teriaceae (genera Brevibacterium and Kurthia)
will be discussed together with the Corynebac-
teriaceae.

The lack of proper criteria for differentiation
makes the classification of most of the coryne-
form organisms rather unsatisfactory. In the

_G_T_G_
L- Ala
D—Glu NH,
N B
L-lys +=—D-Asp « a D-Ala
& L-Alae—B—D-Aspe— b
D-Ala L-Lys

Fic. 24. Fragments of the primary structures of
uncommon peptidoglycans in the genus Bacillus. (a)
L-Lys-D-Asp, B. sphaericus; (b) L-Lys-L-Ala-D-Asp,
B. pasteurii.
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TaBLE 30. Amino acid composition of cell walls of the genus Clostridium
Species No..of m-Dpm Glu Ala 1,L-Dpm Gly Lys Reference
strains ’

C. acetobutylicum .. ... 4 + + + - - - 77

C. amylolyticum . ..... 1 + + + - - - 73

C. aurantibutyricum . .. 2 + + + - - - 77

C. bejjerinckii ......... 2 + + + - - - 77

C. bifermentans . ...... 16 + + + - - - 274

C. botulinum .......... 22 + + + - - - 73

C. botulinum . ......... 1 0.85 1.0 1.85 - - - 376

C. butyricum .......... 30 + + + - - - 73,71, 322
C.fallax .............. 3 + + + - - - 77

C. felsineum ...... .. .. 2 + + + - - - 77

C. haemolyticum . ... .. 2 + + + - - - 77

C. histolyticum . .. .. ... 2 + + + - - - 322, 380
C. lacto-acetophilum . .. 2 + + + - - - 77

C. limosum ........... 17 + + + - - - 61

C. multifermentans . . .. 7 + + + - - - 73,77
C. oedematicus . ... .... 1 + + + - - - 322
Cnovyi .............. 2 + + + - - - 77

C. pasteurianum . . . . ... 3 + + + - - - 71, 322
C. pseudofallax . . . ..... 1 + + + - - - 77

C. putrificum ......... 2 + + + - - - 77

C. ramosus ........... 17 + + + - - - 143
C.rubrum ............ 2 + + + - - - 77

C. spheroides . ........ 1 + + + - - - 322
C.sordelli ............ 17 + + + - - - 71,274
C. sporogenes . ........ 2 + + + - - - 77,322
C.tetani .............. 1 + + + - - - 77

C. tetanomorphum . ... 1 + + + - - - 322

C. tyrobutyricum ... ... 1 + + + - - - 77
C.fallax .............. 2 - + + + + - 77

C. pectinovorum ... ... 2 - + + + + - 71, 322
C. perfringens ......... 7 - + + + + - 71, 322, 380
C. perfringens ...... ... 1 - 1.0 1.6 1.0 0.65 - 221

C. perfringens ......... 1 - 1.0 1.6 0.97 0.99 - 296

C. pseudofallax . . ...... 1 - + + + + - 77

C. innocuum ....... ... 2 - + + - - + 77

C. paraputrificum ..... 2 - + + - - + 77
C.septicum ........... 1 - + + - - + 77

C. tertium ............ 2 - + + - - + 77

following discussion we have tried to group
these organisms according to the different types
of peptidoglycans. The coryneform organisms
show the greatest variation of peptidoglycan
type of all bacterial families. Twenty-eight
different types occur and almost half of them
are found only among the coryneform bacteria.
(Yamada and Komagata [429] have qualita-
tively studied the amino acid composition of a
great number of cell walls of various coryneform
bacteria. A part of their data disagrees with our
findings compiled in Tables 31, 32, 33, and 34.
They did not find Orn, Hsr, Hyg, Dab, Ser, and
Thr. This may be due to nonideal conditions for
chromatography.)

Variation Alv. A great number of coryneform
bacteria belong to the directly cross-linked,

m-Dpm-containing peptidoglycan type. They
are listed in Table 31. Using this peptidogly-
can type as a basis and taking into considera-
tion other features such as relation to oxygen
and occurrence of vegetative life cycles, one
can obtain further subdivisions (F. Fiedler,
Ph.D. thesis, Technical University, Munich,
1971).

A uniform group is formed by the facultative
anaerobic corynebacteria. They do not reveal a
marked life cycle and their cell walls are
distinguished by having m-Dpm and arabinoga-
lactan. This group comprises primarily the
human and animal pathogenic corynebacteria,
but also some nonpathogenic strains. This
group meets very well the definition of the
genus Corynebacterium sensu stricto described



TaBLe 31. Coryneform organisms with a directly cross-linked, m-Dpm containing peptidoglycan®

No. of Arabinose
Group etrz;ins Culture collection strain no.” and Reference
: galactose*
I Corynebacterium bovis . ... ..... .. ... 1 ATCC 7715 + 74
C. callunae ........... .. ... .. . .. 1 ATCC 15991 0 101
C. cutis commune ...... ... . ... .. .. 1 0 23
C. diphtheriae .. ... . .. ... .. . . .. 3 + 101, 69
Coequi ....... .. .............. ... 1 NCTC 1621 + 69
C.fascians ............... . ... ... . .. 8 ATCC 12974, 12975 + 101, 69
C.herculis ...................... ... 1 0 429
C.hoagii .......................... 2 ATCC 13868 0 429
C. hoffmannit . ... ... .. ... ... .. .. 1 + 23
C. hydrocarboclastus ... ...... ... . . .. 4 ATCC 15108, 15592 + Fiedler?, 429
C. lulium ... .. ... . ... ... ... 1 ATCC 15990 + 101
C. melassecola ............. ... ... 1 ATCC 17966 + Fiedler
C. nephridii ................ . ... ... 1 ATCC 11425 0 101
C. paurometabolum ..... .. ... . . . 1 ATCC 8368 + 101
C.petrophilum ........ ... .. ... .. .. 1 ATCC 19080 0 Fiedler
C. pseudodiphtheriticum .. ... .. . . . 1 ATCC 10700 + 101
C. pseudotuberculosis .. ....... .. ... 1 ATCC 809 + 101
C.renale .................... ... ... 1 NCTC 7448 + 69
C.rubrum ... .. ... . ... .. ... . .. 1 ATCC 14898 + 101
C. striatum ............. ... ... .. .. 1 ATCC 6940 + 101
C.ulcerans ............ ... ... .. ... 1 NCTC 7910 + 69
C.vesiculare .. .......... ... ... ... 1 ATCC 11426 0 Fiedler
C.xerosis .............. .. ... .. ... 5 ATCC 373, 7094, 7711, + 101, 74
9016
M. flavum ... 2 ATCC 10340 + 335
Il Arthobacteralbidus ............. . . .. 1 ATCC 15243 + 101
A. hydrocarboglutamicus .. ... .. .. ... ATCC 15583 0 Fiedler
A. roseoparaffinus ......... .. .. ... .. 1 ATCC 15584 Fiedler
Arthrobactersp. ............. ... ... 14 ATCC 19140, NCIB 9864 0 101
A. variabilis ... .. ... ... . ... ... ... 2 ATCC 15753, NCIB 9455 + 101
A. viscosus ............... PP 3 NCIB 10261, ATCC 15294, 0 101
15583
“Micrococcus’ glutamicus . ... .... . .. 8 ATCC 13058, 13059, 0 101
13060, 13268, 13287,
13223, 13761, 15035
Brevibacterium ammoniagenes . . . . . .. 4 ATCC 6872, 15137, 15750 + 101, 429
B. butanicum . ....... . ... ... ... . ... 1 ATCC 21196 + Fiedler
B. chang-fua .. ... ... .. .. . .. ... . ... 1 ATCC 14017 + 101
B. divaricatum ... ... . ... . . .. 2 ATCC 14020 + 101
B. flavum ... ... ... ... .. 2 ATCC 13826, 14067 + 101
B. glutamigenes .. ... ... ... ... . . .. .. 1 ATCC 13747 + 101
B. immariophtlum . ... ... .. .. .. . . . 1 ATCC 14068 + 101
B. ketoglutamicum ... ... ... . .. 1 ATCC 15587 + 101
B. lactofermentum . ... .. .. . ... . .. . . 2 ATCC 13655, 13869 + 101
B. paraffinoliticum ... ... .. .. . . . .. . 1 ATCC 21195 + Fiedler
B. roseum ... .. ... .. .. . ... .. .. .. 1 ATCC 13825 + 101
B. saccharolyticum ... ... ... .. .. . . .. 1 ATCC 14066 + 101
Brevibacterium sp. ................. 2 ATCC 14649, 19165 + Fiedler
B. stationis . ... ... ... .. .. ... ... 1 ATCC 14403 + 101
B.taipei ........ ... ... ... ... .. ... 1 ATCC 13744 + 101
B. vitarumen ... ... ... .. ... .. ... 1 ATCC 10234 + 101
Il B. linens ........... ... ... ........ 10 ATCC 8377, 9172, 9174, - 101
9175
B. leucinophagum . ... ... ... .. . . . .. 1 ATCC 13809 - 101
IV L. monocytogenes ............. ... .. 10 - 233, Fiedler

% Aly; Fig. 6.

®See footnote a in Table 20.

¢ The occurrence of arabinose and galactose in the cell walls was established either by Cummins (75) or by F.
Fiedler in our laboratory. 0, Not determined.

4F. Fiedler, Ph.D. thesis, Technical University, Munich, 1971.
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TasLe 32. Distribution of peptidoglycans of subgroup A3 among coryneform bacteria

V::::' Peptidoglycan type Species Fig. Reference
A3a | L-Lys-Gly Arthrobacter sp. ATCC 19717; Brevibacter- | 23 101
wum acetylicum ATCC 954
L-Lys-L-Ala A. crystallopoietes ATCC 15481 19a 210, 211
L-Lys-L-Ala, A. pascens ATCC 13346 19a 101
L-Lys-L-Ala, A. globiformis ATCC 8010, NCIB 8602, | 13a 101
9759
L-Lys-L-Ala, A. ramosus NCIB 9066, A. ramosus NCIB | 13a 101
13727
L-Lys-1-Thr-L-Ala Arthrobacter sp. NCIB 9423 25a 101
L-Lys-L-Thr-vL-Ala, A. citreus ATCC 11624 26a 101
L-Lys-L-Thr-L-Ala Arthrobacter sp.; C. rathayi; Corynebacter- | 26a 101, Fiedler et al.®
wm sp. ATCC 21188
L-Lys-L-Ala-L-Thr-L-Ala | A.aurescens ATCC 13344; A. histidinolovo- | 26b 101; Fiedler et al.
rans ATCC 11442; A. ureafaciens ATCC
7562, Arthrobacter sp. ATCC 19141; B.
helvolum ATCC 19239; C. ilicis ATCC
14264
L-Lys-L-Ser-L-Thr-L-Ala A. polychromogenes ATCC 15216; A. globi- | 26¢ 101; Fiedler et al.
formis NCIB 8717; A. oxydans ATCC
14358, 14359; Arthrobacter sp. NCIB
9666; B. album ATCC 15111; B. am-
moniagenes ATCC 6871; B. cerinum
ATCC 15112; B. helvolum ATCC 11822;
C. alkanum ATCC 21194
L-Lys-L-Ser-L-Ala,_ 4 A. atrocyaneus ATCC 13752 25b 156
A3y L,L-Dpm-Gly A. simplex ATCC 6946, 13727, NCIB 9770; | 15a 101, 429
Arthrobacter sp. ATCC 14709
L,L-Dpm-Gly, A. tumescens ATCC 9647 27a 101

aF. Fiedler, K. H. Schleifer, and O. Kandler, J. Bacteriol. 113:8-17.

by Barksdale (33). Microbacterium flavum be-
longs to this group, since not only the peptido-
glycan type is identical but also arabinose and
galactose are found in its cell walls. M. ther-
mosphactum does not belong to this group,
since its cell walls do not contain arabinose and
galactose and the GC content (36%) is also
atypical (63a). The relationship of the plant
pathogenic species C. fascians to this group is
uncertain. This organism contains m-Dpm,
arabinose, and galactose in its cell walls, but
there are several reasons to believe that this
strain should be removed from the genus
Corynebacterium. Conn and Dimmick (64),
Lacey (212), and Ramamurthi (311) suggested
that it be included in the genus Nocardia,
whereas Cummins (69) recommended that it
should be placed in the genus Mycobacterium.
Either suggestion would agree with the cell
wall composition found, since the strains of
both genera contain m-Dpm, arabinose, and

galactose in their walls (vide infra).

A second group of m-Dpm-containing cor-
yneform bacteria differs from the first group by
its strictly aerobic growth. Most of these orga-
nisms were hitherto included in the genus
Brevibacterium and some of them in the genus
Arthrobacter or Micrococcus. In contrast to
the typical strains of Arthrobacter, they do not
show a complete life cycle. Most of these
strains also contain arabinose and galactose in
their cell walls as do the strains of the first
group (Table 31).

Interestingly enough, however, strains of
B. linens do not contain these two sugars in
their cell walls and may be separated into a
third group. Further studies are therefore
necessary to explore the taxonomic position of
the second and third groups.

The genus Listeria is distinguished from the
other m-Dpm-containing coryneform bacteria
by morphological and physiological features.
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TasLE 33. Distribution of peptidoglycans of subgroup A4 among coryneform bacteria

ng,i: Peptidoglycan type Species Fig. Reference
Ada | rL-Lys-p-Asp Brevibacterium acetylicum ATCC 953 9 Cziharz;® Fiedler, un-
Kurthia zopfii ATCC 6900, 10538 published data
L-Lys-p-Glu B. incertum ATCC 8363; B. sulfureum| 20a | Cziharz
ATCC 19098
L-Lys-Ala-Glu Arthrobacter citreus ATCC 21040, 21422;| 16b 101
A. nicotianae ATCC 15236; A. sp. NCIB
9863; 2 Arthrobacter sp.;B. fuscum
ATCC 15993; B. liquifaciens ATCC
14929
L-Lys-D-Ser-p-Asp B. liticum ATCC 15921, Corynebacterium| 24a | 101
manthot NCIB 9097
A48 | L-Orn-p-Asp Cellulomonas flavigena ATCC 482 9 Fiedler and Kandler, un-
published data
L-Orn-p-Glu Cellulomonas biazotea ATCC 486; C.| 20a | Fiedler and Kandler, un-
cellasea NCIB 8078; C. fimi ATCC 484; published data
15724; C. gelida ATCC 488; C. uda
ATCC 491; C. subalbus NCIB 8075 :
A4y | m-Dpm-p-Asp, A. duodecadis ATCC 13347 i 29b | Bogdanovsky et al,
' manuscript in prepa-
; ration
m-Dpm-bp-Glu, Arthrobacter sp. 1, NCIB 9859, 9860, 9861 . 17b 3g

2 B. Cziharz, Diplom thesis, Technical University, Munich, 1969.

Moreover, the GC content of Listeria (38%) is
quite different from that of human or animal
pathogenic corynebacteria with 51 to 58% (141).
From studies on the numerical taxonomy of
Listeria (84) and from metabolic studies (251),
it was concluded that Listeria and M. thermo-
sphactum show a closer relationship to the
family Lactobacillaceae than to the family
Corynebacteriaceae. With regard to the GC
content there could be a close relation between
Listeria and streptococci (141). But against this
can be set the fact that m-Dpm does not occur
in streptococci (see above). Obviously the rela-
tionship of Listeria is not yet clear.

Variation A3a. Strains containing peptido-
glycans of variation A3« form a rather uniform
group, although they show a great number of
different types of interpeptide bridges (Table
32, Fig. 25). Most of these strains belong to the
genus Arthrobacter and are distinguished by
strictly aerobic growth and a complete life
cycle. This group conforms to the description of
the genus Arthrobacter by Conn and Dimmick
(64). Some strains hitherto classified as
Brevibacterium or Corynebacterium (Fig. 26)
are also included within this group since they

contain the same variation of peptidoglycan.
Variation A3y. Strains of Arthrobacter sim-
plex and A. tumescens (Fig. 27) can be united
into a further group of coryneform organisms.
They also show a marked life cycle and are
strictly aerobic, but their peptidoglycan types
belong to variation A3y (Table 32). L,L-Dpm
occurs instead of L-Lys in position 3 of the
peptide subunit. The interpeptide bridges con-
sist of a single or several Gly residues (Fig. 15a,
27a). The proposal to classify A. simplex and A.
tumescens within a distinct group is supported
by previous evidence which separates both
species from the main group of arthrobacters
(84, 121). The occurrence of an identical pep-
tidoglycan type and a similar GC content
(70-74%) may indicate a possible relationship
between these arthrobacters and certain aerobic
actinomycetes (see below). L,L-Dpm and Gly
were also found in cell walls of anaerobic
corynebacteria. The amino acid composition of
cell walls of C. acnes ATCC 6919, 6922, and
11828 and of C. parvum ATCC 11829 were
qualitatively studied by Werner and Mann
(410) and that of C. anaerobium by Nguyen-
Dang (270). The qualitative amino acid compo-
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TaBLE 34. Distribution of peptidoglycans of group B among coryneform bacteria

Varia-

tion Peptidoglycan type Species Fig. Reference

B23 [L-Hsr] p-Glu—b-Orn Brevibacterium albidum ATCC | 11a 101, 286, 288
15831; B. citreum ATCC 15821; B.
luteum ATCC 15830; B. pusillum
ATCC 19096, 19097; Corynebacter-
ium betae ATCC 13437; C.
flaccumfaciens ATCC 6887, 12813,
23827; C. poinsettiae NCPP 177,

ATCC 9682
[L-Hsr] p-Glu-Gly—b-Orn Arthrobacter terregens ATCC 13345; | 11a |101, 335
(Hyg) B. superdae ATCC 19272; C. barkeri

ATCC 15954; Microbacterium
liquifaciens

B2y [L-Dab ] p-Glu-p-Dab B. helvolum ATCC 13715, 4 B.| 1lc |101, 289, 291; Koma-
helvolum (Komagata); C. gata, personal com-
aquaticum  ATCC 14665; C. munication

insidiosum NCPP 1110, ATCC
10253; C. mediolanum ATCC 14004;
C. michiganense ATCC 492, 4450,
7429, 7433, 10202, 4 strains from Dr.
Stolp; C. sepedonicum NCPP 378
ATCC 9850; C. tritici NCPP 471

Bla | [L-Lys] p-Glu-Gly—L-Lys M. lacticum ATCC 8080, C.| 10a |101,343

(Hyg) laevaniformis ATCC 15953

B18 | [L-Hsr]p-Glu-Gly,—L-Lys B. imperiale ATCC 8365
(Hyg)

Bly [t-Glu] p-Glu-Gly ,—L-Lys Arthrobacter sp. J 39 (from Keddie) 10b (81
(Hyg)

B1é [L-Ala] p-Glu-Gly-L-Lys Erysipelothrix rhusiopathiae 10c |Fiedler and Kandler,
manuscript in
preparation

a
—G-M-G- ) -6—M—G— b)
L- Ala L- Ala
|
D-Glu — D-Ala—*NH, D-Glu—»Gly —NH,
Y m=---——— === L I 7 B ittt e e e ]
L-Lys «1-5—L~Thr «—L-Alae—— D-Ala L-Lys #£— L—Ser —— L—-Ala+— L-Ala+— {L-Ala) +— D- Ala
VoL . g 1 O J
D-Ala L-Lys D-Ala
T L-Lys
: 1
'

1
1
|
Fic. 25. Fragments of the primary structures of peptidoglycans containing D-alanine amide and glycine
amide as substituents of the a-carboxyl group of D-Glu (A3a). (a) L-Lys-L-Thr-L-Ala, Arthrobacter sp. NCIB
9423; (b) L-Lys-L-Ser-L-Ala, 4, A. atrocyaneus ATCC 13752.

sition was in all cases the same as that foundin and Moore and Cato (259) to transfer these
cell walls of many propionibacteria. Thus, the anaerobic strains from the genus Corynebacte-
cell wall analyses seem to support the proposals rium to the genus Propionibacterium. More
of Douglas and Gunter (95), Gutierrez (131), recent studies, however, do not favor such a
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transfer (162a, 432). In particular the different
GC content of anaerobic corynebacteria
(47-58%) and propionibacteria (66-70%) and
some physiological features speak against a
close relationship of these two groups (408, 410,
411). There is also a rather low level of DNA
homology (10-20%) between the anaerobic cor-
ynebacteria and classical propionibacteria
(162a). It might be possible that the peptidogly-
can of these organisms differs in a similar way
from that of the propionibacteria as that of
Arachnia propionica (vide infra). However,
strains of Arachnia propionica show no DNA
homology to either the anaerobic corynebac-
teria or the classical propionibacteria (162a).
Variation A4a. Variation Ada which contains

L-Lys in position 3 of the peptide subunit was
found in four different peptidoglycan types
(Table 33). Most of the strains belong to the
genera Brevibacterium and Arthrobacter. The
exceptions are C. manihot and Kurthia zopfii.
More physiological and genetic data are neces-
sary to elucidate the relationships within this
group.

~6-M-G-

i
L- Ala
D-Glu —NH,
Y

L-Lys «=—L-Thr «—— L-Ala «— L-Ala «— (L-Ala)e——a D-Ala

«E—l-Alge—L-Thre—L-Aa+——— b

«f | -Sere—L-Thre—L-Alge—————C

D-Ala L-Llys

1

Fic. 26. Fragments of the primary structures of
threonine-containing peptidoglycans of coryneform
organisms (A3a). (a) L-Lys-L-Thr-L-Ala, ,; (b)
L-Lys-L-Ala- L-Thr-L-Ala; (¢) L-Lys-L-Ser-L-Thr-
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Variation A4B. This variation has only been
found in the genus Cellulomonas (Table 33).
This genus is characterized by the ability to
decompose cellulose and to produce acid from
carbohydrates. These features together with the
distinct peptidoglycan types justify the genus
Cellulomonas despite the objections of Jensen
(161). With the exception of C. flavigena which
contains the L-Orn-p-Asp type peptidoglycan,
all the other species contain the L-Orn-p-Glu
type (F. Fiedler, and O. Kandler, Arch. Micro-
biol., in press). (The amino acid composition of
cell walls of C. fimi, C. gelida ATCC 488, C.
flavigena ATCC 482, and C. biazotea ATCC 486
were qualitatively studied by Sukapure et al.
(372). Their results were not in agreement with
our findings. In the case of C. fimi and C. gelida
ATCC 488, they found both Orn and Lys; in the
case of C. flavigena ATCC 482 and C. biazotea
ATCC 486, they did not find any diamino acid.
We have obtained a subculture of the latter
strain from M. Lechevalier, New Brunswick,
and confirmed the presence both of Asp and of
L-Orn in the cell walls. Physiological studies,
however, have shown that this strain behaves as
a typical C. flavigena. To clarify this discrep-
ancy, a new subculture of C. biazotea ATCC
486 was obtained from the American Type
Culture Collection. The determination of the
peptidoglycan type corroborated our previous
findings that C. biazotea ATCC 486 contains
a L-Orn-p-Glu type.)

Variation A4v. Peptidoglycans of variation
A4y were only detected in some coryneform
bacteria and a few micrococci of doubtful taxo-
nomic position (Table 33; 39). The occurrence
of such a unique peptidoglycan type among a
small group of strains makes a relationship

L-Ala. between these strains quite likely. But further
a) b)
-6-M-G- -G-M-G-
L- Ala L- Ala
¢
D-Glu — Gly D-Glu
A A - T 1
LL- Dpm «+2 Glye— Gly+— Gly «—— D-Ala m-Dpm e—-2 = D-Asp,e4—D-Ala
G, J l Lo oo 20 J
D-Ala LL-Dpm D-Ala m-Dpm
1 1

Fic. 27. Fragments of the primary structures of Dpm-containing peptidoglycans (A3y and A4vy) of
coryneform organisms. (a) L, L-Dpm-Gly,, A. tumescens ATCC 9647; (b) m-Dpm-D-Asp,, A. duodecadis

ATCC 13347.
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studies are necessary to classify these strains
properly.

Group B. With one exception (Butyribacte-
rium rettgeri, see below) peptidoglycan types of
group B are met only among coryneform orga-
nisms. Seven different peptidoglycan types are
found (Table 34). In particular the plant patho-
genic corynebacteria show peptidoglycan types
of group B. These findings support the propos-
als of several authors (33, 69, 82, 84, 134) to
remove the plant pathogenic corynebacteria
such as C. betae, C. flaccumfaciens, C. insidi-
osum, C. michiganens, C. poinsettiae, C. sepe-
donicum, and C. tritici from the genus Coryne-
bacterium. Da Silva and Holt (82) suggested
grouping these organisms with strains labeled
Microbacterium lacticum. This would tally
with the peptidoglycan structure, since the
latter species and the closely related M. liquifa-
ciens (318, 319) show a peptidoglycan structure
quite similar to that of plant pathogenic coryne-
bacteria (335, 343).

Erysipelothrix rhusiopathiae also contains a
peptidoglycan of cross-linkage group B (Table
34), but with regard to other properties this
species is quite different from typical plant
pathogenic corynebacteria. It is animal and
human pathogenic, grows under microaero-
philic conditions, and contains no catalase. To
clarify the relationship of E. rhusiopathiae to
other bacteria, more genetic (e.g., GC content)
and biochemical (e.g., fermentation pattern)
data are necessary. But, on the basis of the
peptidoglycan types, there is certainly no rela-
tionship between E. rhusiopathiae and animal
pathogenic corynebacteria, Kurthia or M. ther-
mosphactum, as suggested by Davis et al. (84).

Family Propionibacteriaceae. The family
Propionibacteriaceae comprises anaerobic and
aerotolerant species which are generally cata-
lase-positive. They grow as irregular-shaped
rods like coryneform organisms. From the three
genera belonging to this family, the peptidogly-
can composition of two genera, Propionibacte-
rium and Butyribacterium, was studied.

Genus Propionibacterium. The amino acid
composition of cell walls of wvarious pro-
pionibacteria has been studied qualitatively
(76, 380) and quantitatively (8). Studies on the
primary structure of the peptidoglycan were
carried out in our laboratory (345). Two differ-
ent peptidoglycan types were found (Table 35).
P. shermanii and P. freudenreichii contain the
directly cross-linked peptidoglycan type with
m-Dpm in position 3. In all the other species
studied, the L,L-Dpm-Gly type (Fig. 17a) was
observed. The distribution of these two types
agrees with the different morphology (49) and
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TaBLe 35. Distribution of peptidoglycan types in
the genus Propionibacterium

Peptidoglycan

Reference
type

Species

m-Dpm-direct®| Propionibacterium
shermanit NCIB
5964

P. shermanii

P. freudenreichii
ATCC 6207

76, 345

P. arabinosum ATCC| 8, 76, 345,
4965, NCIB 5958 380

P. jensenii ATCC 4867,
NCIB 8069

P. pentosaceum ATCC
4875, NCIB 8070

P. petersonii ATCC
4870, NCIB 5962

P. rubrum ATCC 4871,
NCIB 8901

P. thoenii ATCC 4874

P. zeae ATCC 4964

L, L-Dpm-Gly*®

2 Depicted in Fig. 6.

®Depicted in Fig. 15a.
the distinct physiological behavior of P. sher-
manii and P. freudenreichii (229).

Genus Butyribacterium. This monotypic
genus was placed in the family Propionibac-
teriaceae. The species B. rettgeri, however, is
quite distinct from typical propionibacteria.
It is, in contrast to propionibacteria, catalase-
negative and ferments carbohydrates, not to
propionic acid, acetic acid, and carbon dioxide,
but to butyric acid, acetic acid, and only small
amounts of carbon dioxide. Moore and Cato
(260) have considered B. rettgeri as a synonym
of Eubacterium limosum.

Studies on the cell wall composition (249)
and the amino acid sequence of the nucleotide-
activated peptidoglycan precursor (250) have
already shown that this species contains a
peptidoglycan which is quite different from
that of propionibacteria. Recent studies on the
primary structure of the peptidoglycan have
demonstrated that it belongs to group B (Fig.
11a; 129). This indicates a possible relationship
to certain catalase-negative coryneform bac-
teria with a similar peptidoglycan type, e.g.,
Erysipelothrix rhusiopathiae.

Order Actinomycetales. Organisms belong-
ing to the order Actinomycetales are distin-
guished morphologically from strains of other
bacterial orders. The Actinomycetales often
form a characteristic mycelium and multiply by
means of special spores. Despite this similarity
to the fungi, they are true bacteria (217). The
order Actinomycetales can be divided into two
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major groups based on their relation to oxygen:
the aerobic and the anaerobic or facultative
anaerobic actinomycetes.

Aerobic actinomycetes. The aerobic Actino-
mycetes are primarily classified on the basis
of morphology and on the chemical composition
of the cell walls (68, 69, 219, 320). Based on the
cell wall composition, one can separate these
aerobic actinomycetes into four groups. In Ta-
ble 36 the various genera belonging to these four
groups are listed. The taxonomic significance of
the various generic names found in Table 36 has
been critically reviewed by a number of authors
(217, 218, 308, 423). With the exception of the
genus Mycobacterium and various strains of the
genus Nocardia, all the other genera produce a
characteristic mycelium and special spores.
These morphologically advanced ac-
tinomycetes were grouped together by Lecheva-
lier and Lechevalier (218, 219) as
Euactinomycetes.
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Almost all of the studies on the chemical
composition of the cell walls of these organisms
are restricted to qualitative amino acid analyses
(34, 46, 68, 69, 76, 218, 219, 225, 257, 372, 375,
428). The primary structure of the peptidogly-
cans has been determined in only a very few
cases. Strains of the genus Streptomyces were
studied in greater detail, and the amino acid
sequence was established in two cases (19a, 221,
267). L,L-Dpm occurs in position 3 of the
peptide subunit, and the cross-linkage is me-
diated by a glycine residue (Fig. 15a). From all
the other genera mentioned in the first group of
Table 36, the presence of L,L-Dpm and Gly in
the cell walls was qualitatively determined.
Based on these findings, it seems very likely
that the peptidoglycan type is identical with
that of Streptomyces. As mentioned earlier, the
same peptidoglycan type was found in the A.
tumescens/A. simplex group. This and other
criteria (e.g., similar GC content and elongated

TasLe 36. Distribution of suggested peptidoglycan types within aerobic actinomycetes and related

organisms
Suggested peptidoglycan type :;fzg: Genera Reference
L, L-Dpm-Gly® - Actinopycnidium 219, 428
Actinosporangium 219, 428
Chainia 219, 428
Elytrosporangium 219
Intrasporangium 219, 372
Microellobosporia 34, 219, 428
Sporichthya 219
Streptomyces 2, 19a, 46, 68, 76, 219, 221, 267, 375
m-Dpm-direct (m-HyDpm) - Actinoplanes 34, 219, 373, 375, 428
plus Gly Amorphosporangium 34, 219, 373, 428
Ampullariella 219, 285, 375, 428
Dactylosporangium 219
Micromonospora 34, 68, 76, 219, 398, 428
Pilimelia 375
m-Dpm-direct® - Actinobifida 219
Actinomadura 219
Dermatophilus 34,219
Geodermatophilus 219, 225
Microbispora 34, 219, 375, 428
Micropolyspora 34, 219, 375, 428
Planomonospora 219
Thermoactinomyces 219
+ Mycobacterium 2, 34, 68, 76, 78, 180, 181, 206, 255,
295, 372, 420
Nocardia 34, 76, 219, 257
Pseudonocardia 34, 138, 219

2See Fig. 15a.
®See Fig. 6.
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and sometimes branched cells) may indicate a
certain relationship between the L,L-Dpm-
containing aerobic actinomycetes and the A.
tumescens/A. simplex group.

A second group of aerobic actinomycetes
contain Gly, as well as Ala, Glu, and m-Dpm in
their cell walls. m-Dpm can be replaced partly
or completely by 2, 6-diamino-3-hydroxypimelic
acid (285, 375, 428). It occurs predominantly
as meso-diamino-threo-3-hydroxypimelic acid,
but a small proportion of L, L-diamino-erythro-
3-hydroxypimelic acid is also found (290). Up to
now there is nothing known about the primary
structure of this peptidoglycan. Gly may be
bound to the a-carboxyl group of p-Glu, as in
the case of M. luteus, or may be involved in the
cross-linkage or may replace rL-Ala bound to
muramic acid. Preliminary results in our labo-
ratory have shown that the latter is probably
the case for the peptidoglycans of Actinoplanes
and Micromonospora.

Other aerobic actinomycetes contain only
Ala, Glu, and m-Dpm in their peptidoglycan.
The genera showing this amino acid pattern are
included in group 3 of Table 36. Although the
chemical composition of the cell walls was only
qualitatively determined, it seems likely that
the peptidoglycan is cross-linked in a direct
way (variation Aly). Therefore, these organisms
have probably the same peptidoglycan type as
strains of the genus Mycobacterium but they do
not contain arabinogalactan in their walls.

The chemical composition of cell walls of
various mycobacteria (M. phlei, M. rhodoch-
rous, M. tuberculosis, M. bovis, M. smegmatis,
M. lepraemurium, Mycobacterium sp., and mu-
rine leprosy bacillus) has been studied qualita-
tively (2, 34, 76) and quantitatively (78, 180,
181, 255). The cell walls always contained the
amino acids Ala, Glu, m-Dpm and the mono-
saccharides arabinose and galactose. In the case
of M. smegmatis and M. tuberculosis, the
primary structure of the peptidoglycan was
established (206, 295, 420). The peptide subu-
nits are directly cross-linked, and, as in the case
of C. diphtheriae, both the a-carboxyl group of
D-Glu and the carboxyl group of m-Dpm which
is not involved in a peptide linkage are ami-
dated. In the peptidoglycan of M. tuberculosis
H37 Rv, however, a small percentage of the p-
glutamic acid residues are not substituted by an
amide put by glycine (206). The muramic acid
residues in the peptidoglycans of all mycobac-
teria studied so far (M. smegmatis, M. kansasit,
M. tuberculosis, and M. phlei) are not N-
acetylated as is usually the case, but N-
glycolylated (3, 25, 183). N-glycolylmuramic
acid was also detected in the cell walls of
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Nocardia kirovani (130). In L,L-Dpm-contain-
ing peptidoglycans, such as that of Strep-
tomyces albus and Clostridium fermentans, the
usual N-acetylmuramic acid was found (25).
Whether the occurrence of N-glycolylmuramic
acid is restricted to mycobacteria, certain No-
cardia, and Micromonospora (398) remains to
be seen.

The amino acid composition of cell walls of
about 60 strains of 28 species of Nocardia has
been qualitatively determined (34, 69, 76, 219,
257). In most of the strains Ala, Glu, and
m-Dpm were found, and the occurrence of the
directly cross-linked, m-Dpm-containing pep-
tidoglycan type, as in the case of mycobacteria
and animal and human pathogenic corynebac-
teria, seems to be likely. In addition to having
an identical peptidoglycan, they also contain
arabinose and galactose in their cell walls. The
same is true for the cell walls of Pseudonocardia
(138). In some of the Nocardia, however, the
m-Dpm is replaced by L,L-Dpm and no arabi-
nose and galactose are present in the cell walls.
The taxonomic position of these species (V.
alba, N. flava, N. gardneri, N. mesenterica, N.
rubra, N. salmonicolor, and several strains of N.
astroides) is uncertain. The close relationship
among Corynebacterium, Mycobacterium, and
Nocardia is primarily based on the similar
chemical compositions of their cell walls, in
particular on the occurrence of the same pep-
tidoglycan type in association with arabinoga-
lactan (33). The arabinogalactan polymer is
probably responsible for the serological cross-
reaction of these three genera (67). Another
characteristic property of these organisms is the
occurrence of long-chain fatty acids which have
been found in ester linkage with arabinose in
both mycobacteria (25, 55, 182, 183, 295) and
Nocardia (214). In Corynebacterium, the at-
tachment of these fatty acids is not known yet
(22, 407). The long-chain fatty acids are differ-
ent in the three genera, e.g., C. diphtheriae
contains corynemycolic and corynemycolenic
acids (22, 353), N. asteroides and N. rhodo-
chorus contain nocardic acids (157, 245), and M.
tuberculosis contains mycolic acids (33). Thus,
the different lipid composition may be useful
for the separation of these three genera.

Family Actinomycetaceae. The family Ac-
tinomycetaceae comprises the anaerobic and
facultative anaerobic actinomycetes. The infor-
mation on the amino acid composition of the
cell walls of these organisms is conflicting. In
most of the studies only the qualitative amino
acid composition has been determined (45, 56,
69, 71, 72, 76, 108, 119, 297, 298, 299). The
amino acid composition has been quantita-
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tively determined only in one study (91). Unfor-
tunately, the cell walls used for this study were
obviously contaminated with protein, and the
results must be taken with caution.

Recently, we have studied in our laboratory
the amino acid composition of cell walls of six
species which were kindly supplied by G. H.
Bowden, London. As shown in Table 37 there
are three different types of peptidoglycan. Cell
walls of A. bouvis contain L-Lys as diamino acid
and Dp-Asp in addition to Ala and Glu. The
peptide patterns of two-dimensional chromato-
grams of partial acid hydrolysates showed that
this peptidoglycan is of the L-Lys-p-Asp type
as in many lactobacilli and some bifidobacteria.
The same is true for A. eriksonii. This latter
organism reveals the same type of fermentation
as bifidobacteria (297) and should be trans-
ferred to the genus Bifidobacterium (258).

A. naeslundii, A. israelii, A. odontolyticus,
and A. viscosus show a unique amino acid
composition, Mur: GlcNH,: Ala:Glu:Lys:Orn
= 1:1:2:2:1:1. Such molar ratios have never
been found in other organisms up to now.
Preliminary results on the structure of this
peptidoglycan indicate that it belongs to group
B. The interpeptide bridge between the a-car-
boxyl group of Glu and the C terminus of p-Ala
of an adjacent peptide subunit consists most
likely of glutamyl-ornithine, whereas L-Lys
occupies position 3 of the peptide subunit and
does not take part in the cross-linkage.

Since peptidoglycan types of group B are
only found within coryneform bacteria (Mi-
crobacterium, Corynebacterium, Brevibacte-
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rium) but never in bifidobacteria, a relationship
of the anaerobic actinomycetes (with exception
of A. bouis) to the coryneform organisms seems
to be more likely than to the bifidobacteria as
suggested by Pine (297) and Prevot (309).

One of the main arguments of Pine for a
closer relationship of these organisms to Bifido-
bacterium was the occurrence of Lys and Orn in
the peptidoglycan of both groups of organisms.
As indicated by our studies, however, the struc-
tures of the two types of peptidoglycan are quite
different. In B. bifidum only 1 mole of diamino
acid per mole of Glu is present and Lys and Orn
replace each other in position 3 of the peptide
subunit, whereas 1 mole each of Lys and O is
present in the actinomyces strains and both of
them occur at quite different positions. Here we
have a very good example of how risky it is to
draw conclusions prematurely from qualitative
studies of the cell wall composition before
knowing the primary structure.

Actinomycetales of uncertain taxonomic
position. Genus Arachnia. Cell walls of A-
rachnia propionica contain L,L-Dpm and Gly
like those of many propionibacteria (297). Since
the fermentation pattern is also quite similar to
that of propionibacteria, it was suggested that
A. propionica be placed within the family
Propionibacteriaceae (297). The quantitative
studies of the amino acid composition of the
cell walls of A. propionica (Table 37), however,
showed a remarkable difference from that of the
peptidoglycan of propionibacteria. Whereas the
latter contains 1 mole of Gly and 2 moles of Ala
per mole of Glu, in A. propionica 2 moles of Gly

TaBLE 37. Amino acid composition of cell walls of anaerobic actinomycetes and Arachnia propionica

Mu- . Glu- As-
Organisms ramic %l:lc Lysine 31".“" L,L- tamic Ala- partic Gly- Am-
acid 2 ine me acid nine acid cine monia
" Actinomyces bovis ATCC

13683 ................] 0.7 0.8 0.9 1.0 1.6 0.85 1.1
A. naeslundii ATCC

12104 ................| 08 0.7 0.7 1.0 1.7 1.7 1.1
A. odontolyticus NCTC

9935 ... 1.0 1.5 1.1 1.0 2.1 1.9 1.2
A. odontolyticus WVU

482 ..................| 1.0 1.3 1.0 1.0 2.05 1.9 1.2
A. israeli serotype 1,

NCTC4860 .......... 0.9 1.3 0.8 1.0 1.9 1.7 0.9
A. israeli serotype 2,C65 . | 1.0 2.1 1.0 1.0 2.1 2.1 1.3
A. viscosus serotype 1,

ATCC15987 .......... 0.95 1.3 1.1 1.0 2.1 1.9 1.3
A. viscosus serotype 2,

WVU3? ............ 0.9 0.8 0.85 1.0 1.7 1.6 1.1
Arachnia propionica

ATCC14157 .......... 0.75 0.6 1.05 1.0 1.65 2.05 1.3
A. eriksonii ATCC 15423 . | 0.7 0.95 0.7 0.3 1.0 1.6 0.9 0.9
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and 1 mole of Ala were found. Preliminary
results on the primary structure of this pep-
tidoglycan indicate that L-Ala in position 1 of
the peptide subunit is replaced by Gly as in
peptidoglycans of group B, but the cross-link-
age is like that of group A. A single Gly residue
connects two peptide subunits between L,L-
Dpm and p-Ala, as in most species of the genus
Propionibacterium (Fig. 15a).

The transfer of A. propionica to the family
Propionibacteriaceae (297) seems to be justified
also in respect to the peptidoglycan structure,
since it contains peptidoglycan similar to that
of many propionibacteria. At the same time the
genus Arachnia may still be maintained since,
in contrast to typical propionibacteria, catalase
is absent and the peptidoglycan type shows a
distinct deviation from the type found in the
genus Propionibacterium.

Genus Rothia. Rothia is a monotypic genus
with the single species R. dentocariosus. It was
first isolated from carious dentine in humans by
Onisi (276) and described as Actinomyces den-
tocariosus. In later studies it was described as
Nocardia dentocariosus (325) and N. salivae
(83). Since neither Nocardia nor Actinomyces
appeared to be an appropriate generic name for
this species, Georg and Brown (107) proposed
the new genus Rothia, in the family Ac-
tinomycetaceae. Under anaerobic conditions, it
is able to ferment glucose to lactic acid as a
major product, but it does not grow anaerobi-
cally and is, in contrast to strains of Ac-
tinomyces, catalase-positive.

The cell wall composition of this organism
was studied qualitatively, but the results do not
agree completely. Ala, Glu, and Lys have al-
ways been found (297), but in one study Orn
(107) and in another Asp (372) were also pres-
ent. We obtained two strains of R. dentocari-
osus (D 10B and XPGA) from M. P. Lecheva-
lier (Rutgers University, New Brunswick, N.J.)
and studied the amino acid sequence of their
peptidoglycans. Preliminary results show that
both of them belong to the L-Lys-L-Ala; type
(Schleifer, unpublished results). No Asp was
found. Despite the fact that this type is rather
common, it has not hitherto been found among
Actinomycetales. This may justify the separate
classification of Rothia but does yet not clarify
its relationship to other gram-positive bacteria.

Genus Oerskovia. The motile nocardioid bac-
teria first described by @rskov (278) are clearly
not members of the genus Nocardia. Prauser
et al. (308), therefore, proposed to place them
in a separate genus Oerskovia. The only
species known up to now is O. turbata. Quali-
tative cell wall analyses have shown that
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strains of O. turbata contain Asp in addition to
Ala, Glu, and Lys (372). We obtained two
strains of O. turbata (891 and Y 13-4) from M.
P. Lechevalier (Rutgers University, New
Brunswick, N.J.) and studied the amino acid
sequence of their peptidoglycans. Like Suka-
pare et al. (372), we have found Ala, Glu, Lys,
and Asp as amino acid constituents of their
cell walls, but in addition one strain (Y 13-4)
contains Ser and the other strain (891) Thr.
Preliminary results indicate that the peptide
subunits have the usual primary structure
(L-Ala-y-p-Glu-L-Lys-p-Ala), and the interpep-
tide bridges consist of the dipeptide B-Asp-
Ser and (-Asp-Thr, respectively (Schleifer, un-
published results). Thus, strain Y 13-4 con-
tains the peptidoglycan type L-Lys-Ser-Asp as
found in B. liticum and C. manihot. Strain 891
contains a new peptidoglycan type L-Lys-Thr-
Asp. These two types are quite similar. Both
contain a g-linked Asp and a hydroxyamino
acid in their interpeptide bridges. Further
studies are necessary to prove if this is the
case for all Oerskovia strains. If so the occur-
rence of Thr or Ser in these cell walls may be a
good character for a further classification of
the genus Oerskovia.

Order Caryophanales. The order Caryo-
phanales comprises bacteria forming large tri-
chomes. The chemical composition of the cell
walls has been examined in one strain of
Caryophanon latum and one of Lineola longa.

Genus Caryophanon. Caryophanon latum is a
typical inhabitant of fresh cow dung. The cell
walls of this peritrichously flagellated organism
were isolated, and their chemical composition
was qualitatively analyzed (35). Besides mu-
ramic acid and glucosamine, the common cell
wall amino acids Ala, Glu, and Lys were found.
It is not known if the peptidoglycan is cross-
linked in a direct way or if an interpeptide
bridge is present.

Genus Lineola. Lineola longa is now reclassi-
fied as Bacillus macroides. Preliminary studies
on cell walls of two strains of B. macroides have
yielded Lys as the predominant diamino acid
and no m-Dpm as usually found in the peptido-
glycan of bacilli (222). Examination of the same
cell walls in our laboratory have shown that
both strains of B. macroides contain the Lys-
D-Asp type of peptidoglycan (unpublished re-
sults). This peptidoglycan type was found
among bacilli only in B. sphaericus (see above).

Order Spirochaetales. The morphology of
spirochaetes is quite different from that of other
bacterial cells. The flexible, thin cell can be
tightly coiled, and a very thin helical element,
the so-called axial filament, is closely wrapped



458

around the cell. With regard to the Gram
reaction, the spirochaetes are presumably
gram-negative. Thus, it was expected that the
peptidoglycan would show the directly cross-
linked m-Dpm type. But already qualitative
studies on cell walls of Treponema reiteri have
yielded ornithine instead of m-Dpm as the
major diamino acid (382). Recent studies on the
ultrastructure and chemical composition of the
cell wall of Spirochaeta stenostrepta have con-
firmed the presence of L-Orn as constituent of
the peptidoglycan (166). Two layers of the cell
wall of Spirochaeta stenostrepta were isolated
and analyzed. The outermost of these two
layers consists mainly of lipoprotein. The sec-
ond layer was characterized as peptidoglycan.
It is a thin structure or monolayer as in typical
gram-negative organisms which retains the cy-
lindrical and coiled shape of the cell. Studies on
the amino acid sequence of the purified pep-
tidoglycan revealed that the peptide subunits
consist of tripeptides (L-Ala-vy-p-Glu-L-Orn)
and tetrapeptides (L-Ala-y-b-Glu-L-Orn-p-Ala).
The peptide subunits are directly cross-linked
(Fig. 28). The primary structure of the peptido-
glycan resembles that of other gram-negative
bacteria with the only difference being that
m-Dpm is replaced by L-Orn.

Order Myxobacteriales. Since the myx-
obacteria are flexible cells, it has been assumed
that the cell walls are quite different from those
of eubacteria and that the peptidoglycan may
be lacking. But even the first studies on the cell
walls of myxobacterial strains showed that a
peptidoglycan layer is probably present in their
walls (7, 239). More detailed studies on myx-
obacterial cell walls were reported by Verma
and Martin (397) and by White et al. (415). The

—G6-M-G-
!

L- Ala

D-Glu

by
L-Orn «——D-Ala

L-Orn
1

Fic. 28. Fragment of the primary structure of the
peptidoglycan of Spirochaeta stenostrepta.
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results demonstrated that in all species so far
examined (Cytophaga hutchinsonii, Sporocyto-
phaga myxococcoides, and Myxococcus
xanthus), the directly cross-linked, m-Dpm-
containing peptidoglycan type occurs (Fig. 6).
In the case of C. hutchinsonii and S. myxococc-
oides, a discrete peptidoglycan layer was iso-
lated (397). The vegetative cell walls of M.
xanthus, on the other hand, completely disag-
gregated after treatment with trypsin and de-
tergent. White et al. (415) suggested, therefore,
that the rigid layer of the vegetative cell wall of
M. xanthus is not a continous peptidoglycan
layer but consists of patches of peptidoglycan
separated by nonpeptidoglycan material. This
patchlike arrangement may be related to the
flexibility of the myxobacterial cell. In the case
of C. hutchinsonii and S. myxococcoides, how-
ever, the flexibility is explained by the occur-
rence of “naked tubes of murein (peptidogly-
can) monolayers’ (397).

With the exception of the genus Cytophaga,
all myxobacteria can form resting cells. These
resting cells, the so-called microcysts, are pro-
duced from single vegetative cells. The mi-
crocysts are shorter than the vegetative cells
and their cell walls are much thicker and
inflexible. In both Sporocytophaga and Myx-
ococcus, not only the vegetative cell walls but
also the cell walls of microcysts were studied.
Verma and Martin (397) explained the transi-
tion of the flexible, vegetative cell wall of
Sporocytophaga to the rigid, thick microcyst
cell wall by the superposition of several pep-
tidoglycan layers. White et al. (415), on the
other hand, found in Myxococcus, during the
change from the vegetative cell to the mi-
crocyst, a temporary decrease in the cross-link-
age of the peptidoglycan. They assume a high
rate of turnover of the peptidoglycan during the
formation of the microcyst and simultaneously
some uncross-linked peptidoglycan appears. A
newly synthesized extracellular layer of non-
peptidoglycan material serves to strengthen the
microcyst wall. Moreover, the authors stated
that “the patch-like arrangement of the pep-
tidoglycan may be related to the change in
shape when M. xanthus converts from the
vegetative rod to the spherical cyst.” They
think that the nonpeptidoglycan areas perform
a necessary role in the morphogenesis of the
wall.

FINAL REMARKS

Taxonomic Implications of Other Cell
Wall Polymers

Lipopolysaccharides. A good correlation
between the structure of the lipopolysaccha-
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rides and other taxonomic characteristics has
been found among different groups of gram-
negative bacteria (4-6, 127, 192, 399), espe-
cially within the Enterobacteriaceae (228, 272).
Within the genera Salmonella and Escherichia
(120, 228, 348) it was found that the lipopolysac-
charides consist of a lipid portion, the so-called
lipid A, and the polysaccharide portion. The
lipid A portion of several Salmonella serotypes
and of an E. coli strain appeared to be very
similar or even identical (120). The polysaccha-
ride portion, however, reveals a great variabil-
ity. It consists of a central core, the so-called R
core containing five basic sugars, and a variable
portion, the O side chain which contains various
sugars and carries all the antigenic specificity.
The R core is named after the R mutants which
are defective in the biosynthesis of the O side
chains and synthesize only the central core of
the lipopolysaccharide (226). The structure of
the R core is the same or at least very similar in
all Salmonella strains and it is different from,
yet related to, that of Shigella. The structure of
the R core, therefore, seems to be rather similar
within each genus (347). Only within the hetero-
geneous group of E. coli are R cores with
different structures found. Therefore, the enor-
mous diversity in the sugar composition and
arrangement of the lipopolysaccharide mainly
reflect the variability of the peripheral O side
chains. The latter are responsible for the dis-
tinct antigenic properties. Thus long before the
structure of the lipopolysaccharide had been
established, immunological variability was used
for the classification of the Enterobacteriaceae
(191). By this method more than 700 different
“species’’ (serospecies) can be distinguished
within the genus Salmonella alone. In certain
cases, however, the conclusions drawn from the
serological typing reactions can be misleading.
Serological tests and chemical studies have
shown that strains of different genera have
identical or at least very similar O antigens
(272, 412). Thus certain strains of Salmonella,
Arizona, and E. coli show complete serological
cross-reaction of their heat-stable somatic O
antigens. (For more detailed information on
this problem, see the excellent reviews by
Liideritz et al. [227, 228].)

Polysaccharides. There has been less-inten-
sive work on the structure and serology of the
cell wall polysaccharides of gram-positives than
on the lipopolysaccharides of gram-negatives.
The best studied cell wall polysaccharides
among gram-positive bacteria are those of the
streptococci. These cell wall polysaccharides
form the basis for the serological grouping of the
streptococci with the exception of groups D and
N (213). The chemical composition and struc-
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ture of these group-specific polysaccharides
have been studied in various laboratories (79,
80, 186, 207, 246, 247, 266, 282, 360). There is a
good correlation between the serological speci-
ficity of the group antigens and the chemical
structure of these polysaccharides. Elliot et al.
(97) have very recently suggested that the cell
wall polysaccharides of hemolytic streptococci
reveal a structure resembling that found in the
lipopolysaccharides of Enterobacteriaceae. The
rhamnose polymer is suggested as the counter-
part of the R core of the lipopolysaccharide. But
more chemical studies are necessary to demon-
strate that all streptococcal cell wall polysac-
charides contain the same or at least similar
rhamnose polymers as core structure.

A few studies have been performed on the
chemical structure of the cell wall polysaccha-
rides of lactobacilli (132, 196) and mycobacteria
(256).

Teichoic acids. Teichoic acids are found
instead of or in addition to polysaccharides in
the cell walls of many gram-positives. Teichoic
acids are water-soluble polymers containing
sugar, D-alanine residues, and either glycerol or
ribitol phosphates. Most of the work on the
structure and distribution of these polyol phos-
phate polymers has been carried out by Baddi-
ley and coworkers. (See recent reviews or mono-
graphic treatments for further information re-
garding structural work [11-16, 19, 27]) The
teichoic acids are also immunologically active
polymers, and the occurrences of structurally
and therefore serologically different teichoic
acids are used in the classification of staph-
ylococei and lactobacilli (197, 275, 335a, 355).

Teichuronic acids. In a few organisms such
as Micrococcus luteus (284), Bacillus subtilis
(160), B. licheniformis (149), and B. cereus
(148a), another acidic polysaccharide is found
in the cell walls, namely teichuronic acid.
Teichuronic acid consists of glycosidically
linked sugar and uronic acid residues (136, 149).
The occurrence of this polymer may provide a
good criterion for identifying the organisms in
question. The distribution of this cell wall
polymer, however, may not be widespread
enough to be of greater taxonomic importance.

Lipids. The occurrence of significant
amounts of lipid is typical of the cell walls of
gram-negative bacteria and of some gram-posi-
tives, such as Mycobacterium, Corynebacte-
rium, and Actinomycetales. The lipid composi-
tion, however, varies only little among gram-
negatives (187). Moreover, environmental fac-
tors, such as growth temperature, composition
of the growth medium, or age of the bacterial
culture, influence the qualitative and quantita-
tive composition of the lipids (152, 235), thus
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limiting their taxonomic value. The patterns of
long-chain fatty acids, however, in the cell walls
of Corynebacterium, Mycobacterium, and
Nocardia are rather constant within each genus
but differ characteristically among the different
genera. Thus, they may prove to be a valuable
taxonomic characteristic (22, 33).

Taxonomic Relevance and Evolutionary
Trends of Peptidoglycan Structure

Before considering the value of the peptido-
glycan structure in taxonomy, we must know the
prerequisites of a useful taxonomic marker. (i)
It should show a widespread distribution in the
group to be classified. (ii) It should be deter-
mined by as many genes as possible to attain a
certain stability and to make a convergent for-
mation of identical variations rather unlikely.
(iii). It should show the possibility of genetic
variability in small steps without appreciably
changing the competitiveness or vitality of the
organisms to conserve a great number of dis-
tinct variations in various directions. (iv) The
variations should reveal derivative sequences,
i.e., be of such kind that it is possible to
recognize if a particular structure is primitive
or highly developed.

Moreover, a taxonomic marker should not
depend on growth stages or environmental
factors and should be readily determinable to
be routinely employed. However these last two
properties are rather a matter of convenience
than an absolute necessity for a good taxonomic
characteristic. If the properties of a characteris-
tic are dependent on growth phase or environ-
mental factors, it is possible to take these
limitations into consideration.

It is, for example, possible to harvest the
organisms at a certain stage of growth or to
avoid unfavorable environmental conditions.
Laborious determination of characteristics may
be circumvented if the presence of more easily
determinable correlative traits has been estab-
lished. Thereafter, analysis for these traits may
suffice for purpose of classification. With regard
to the peptidoglycan, the phenotypic altera-
tions due to growth phase or environmental
factors were already discussed in a previous
chapter, and it was found that the peptidogly-
can types are not seriously changed by these
factors. The determination of the peptidogly-
can structure is still too laborious for routine
application, but a simplification of the proce-
dure has been proposed in this article (see
above) and a serological determination may be
conceivable. We may now examine to what
extent the chemical structure of the peptidogly-
can fulfills the conditions of a good taxonomic
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characteristic.

(i) The peptidoglycan is a typical constituent
of cell walls of almost all procaryotic cells and
thus fulfills the first condition by its ubiquitous
distribution. The basic structure of the glycan
moiety is found in all wall-containing orga-
nisms. The more advanced organisms, however,
show a simplified structure. Thus chitin, a main
constituent of most fungal cell walls, lacks the
lactic acid ether as well as the peptide moiety,
and the cellulose of plant cell walls additionally
lacks the amination. There is a clear deductive
line recognizable at the highest level of taxo-
nomic hierarchy: the progressive simplification
(= reduction) from the peptidoglycan structure
of the procaryotes to the chitin structure of
fungi and the cellulose structure of plants
clearly separates the kingdom of procaryotes
and these two eucaryotic kingdoms. The use of
the same principle for the construction of the
main component of the cell walls throughout
the “plant kingdom in sensu lato”’ indicates a
monophyletic origin of all these organisms. We
are well aware that some arguments favor for a
polyphyletic origin o1 che bacteria, but it is very
difficult to understand why diverse groups,
which were never in genetic exchange with each
other, should have invented the same principle
for cell wall construction.

(ii) The second condition calls for a character-
istic which is a result of multiple gene action.
The formation of the peptidoglycan structure
certainly depends on the action of many genes.
At least 20 different enzymes are involved in
the formation of a simple peptidoglycan struc-
ture, and most of the diverse peptidoglycan
types differ from each other in more than one
gene. This explains the rather stable character
of a given peptidoglycan structure. No single-
step mutations are known so far which lead to
an altered peptidoglycan type. This genetic
stability, furthermore, excludes the involve-
ment of extrachromosomal genes in the fixation
of the peptidoglycan type. The polygenic char-
acter of the different variations makes it rather
unlikely that they have arisen by convergence.
At most, the variations of the interpeptide
bridges may be subjected to convergence more
frequently.

(iii) In contrast to the stability of a peptido-
glycan type for “short” periods (times during
which one is able to investigate an organism),
there has had to be a considerable mutational
alteration of the chemical structure of the
peptidoglycan of gram-positive bacteria during
the course of evolution. This diversification of
the chemical structure of the peptidoglycan was
obviously not connected with a remarkable
advantage or disadvantage of selection, since so
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many different peptidoglycan types are still
conserved. This fulfills, for the gram-positives,
the third condition of a good taxonomic charac-
teristic.

This does not apply to the gram-negatives,
and they do not show the same chemical and
structural variability of the peptidoglycan as
the gram-positives. The peptidoglycan of the
gram-negatives consists only of a monolayer, in
contrast to the multilayered peptidoglycan of
gram-positives. In such a simple monolayer, the
variability of the cross-linkage may be re-
stricted. Even the insertion of interpeptide
bridges might distort its structure and therefore
decrease the vitality and competitiveness of the
organisms. Thus, a change in the peptidoglycan
type of the ‘‘sophisticated” monolayer of a
gram-negative bacterium would be most likely
a disadvantage. This may be the reason why
such alterations have not been conserved.
Consequently, the peptidoglycan type is not a
taxonomic characteristic for classification
among the gram-negative bacteria.

(iv) An unequivocal phylogenetic relationship
of the various peptidoglycan structures is not
readily discernible, but rough deductive se-
quences are recognizable. A possible phyloge-
netic connection of the different cross-linkage
variations is sketched in Fig. 29. It is based on
the assumption that phylogenetic advancement
is usually connected with a simplification ( =re-
duction) and a loss of variability (=fixation).
Thus the most advanced type of peptidoglycan
should be characterized by the greatest possible
simplification (from a chemical point of view),
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whereas the more primitive ones should contain
additional trappings in abundant variations.
This trend to an extensive chemical simplifica-
tion of the basic structure is also discernible at a
higher stage of evolution and was mentioned
before in the comparison of the peptidoglycan
of procaryotes and the main cell wall structures
of fungi and plants.

The occurrence of multilayered peptidogly-
cans containing interpeptide bridges may rep-
resent a primitive stage. Therefore, we have
placed subgroups A3 and A4 at the basis of our
scheme (Fig. 29). These two subgroups contain
the large majority of the peptidoglycan types
and are represented by the majority of gram-
positive, non-spore-forming bacteria including
most of the fermenting organisms. Both sub-
groups reveal such an enormous ramification of
peptidoglycan types that phylogenetic relation-
ships among these different variations are not
readily discernible. Thus, the condition ex-
pressed in this point, that the structure should
reveal its primitive or deduced character, is not
fulfilled here by the peptidoglycan. The great
variability within the two subgroups A3 and A4
can be taken as a further indication of their
primitive stage, since this variability discloses
that the evolution of the peptidoglycan struc-
ture is at this point far from reaching a stand-
still.

A major side branch of these two subgroups
has probably led to the formation of group B.
Group B may have arisen only once, since it is
restricted to a rather unique group of bacteria,
viz, a relatively small number of coryneform

Al1B
( monolayer)
Gram-
Spiro- negatives,
choetales Myxobacteriales

N

A2
( multilayer)
M luteus

Ala
( multilayer)
Aerococcus,
some streptococci

_J

B1 B2
(multilayer)
some coryneform
bacteria, anaerobic
actinomycetales
Aly
( multitayer)
Sporetormers,
corynebacterna,
aerobic actinomycetales

A3+ AL

( multilayer)
Gram -positive
non-sporeforming bacteria

Fic. 29. A possible phylogenetic relationship of peptidoglycan subgroups and variations.
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organisms and the anaerobic actinomycetes.
Peptidoglycan types of group B which contain
L-Lys or L-Orn in position 3 of the peptide
subunit clearly reveal a close relationship with
that of group A and signify a transition between
these two groups of cross-linkages. Only after
the cross-linkage between the carboxyl groups
of p-Glu and p-Ala had evolved could the
diamino acid at position 3 of the peptide
subunit be replaced by monoamino acids with-
out lethal consequences. Although we assume
that the phylogenetic development proceeded
from A to B, the reverse may have equally
occurred.

Group B also shows a considerable diversity
of variations and types, but the numbers of
types are smaller than that within subgroups A3
and A4. Further evolution of group B might
conceivably lead even to the omission of the
amino acid in position 3 of the peptide subunit.

Whereas group B does not represent a sim-
plification but reveals about the same com-
plexity as subgroups A3 and A4, a simplifica-
tion of the peptidoglycan composition and
structure is found within peptidoglycans of
group A. Both the directly cross-linked pep-
tidoglycans of subgroup Al and the polymer-
ized peptide subunits of subgroup A2 are cer-
tainly chemically simpler than the peptidogly-
cans of subgroups A3 and A4, since the inter-
peptide bridges are omitted. Subgroup A2 is a
special more advanced case of a directly cross-
linked peptidoglycan. As mentioned earlier (see
above) one or perhaps two additional enzymes
are necessary to form these polymerized pep-
tide subunits instead of a directly cross-linked
peptidoglycan.

The most successful branch is the directly
cross-linked m-Dpm-containing peptidoglycan
(variation Aly). Not only is it the most com-
mon peptidoglycan type, but also the most
highly evolved procaryotes, such as myxobac-
teria and blue-green algae, reveal this type of
peptidoglycan. The directly cross-linked, m-
Dpm-containing type of peptidoglycan is found
in two forms, each with a different ultrastruc-
ture. Hereby, the gram-positives have con-
served the multilayer, whereas the gram-nega-
tives have evolved the monolayer as the Spiro-
chaetales have within the variation A18. The
arrangement of the peptidoglycans in a mono-
layer may represent the highest level of evolu-
tion. The simplification is so far advanced that
even the supporting function of the peptidogly-
can layer is hardly maintained. Additional
components, such as lipoproteins (48) or pro-
teins (415), are closely associated with the
monolayered peptidoglycan to reinforce it.
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Although we have derived a rough phyloge- .
netic scheme from peptidoglycan structures,
we are fully aware that such a monothetic sys-
tem does not contain sufficient information to
represent the finer details of phylogenetic de-
velopment. Nevertheless, the knowledge of the
various peptidoglycan structures and the possi-
ble phylogenetic implications will unquestion-
ably contribute not only to the classification of
gram-positive bacteria but also to the clarifica-
tion of the phylogenetic relationships among
the procaryotes.
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